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EXECUTIVE SUMMARY 

The main objective of this document is to introduce a number of technical concepts 

for the supply of power and cooling energy into Data Centres with enhanced 

utilisation of renewable energy sources in order to achieve Net Zero Energy Data 

Centres. Because of the high energy density nature of these unique infrastructures, 

it is essential to implement energy efficiency measures and reduce consumption 

before introducing any renewable energy source. In the framework of the 

document, a holistic approach integrating many technical solutions such as 

management of the IT (Information Technology) load, efficient electrical supply to 

the IT systems, Low-Ex air-conditioning systems, interaction with district heating 

and cooling networks, re-use of heat, free cooling (air, seawater, groundwater), 

optimal use of heat and cold storage, electrical storage and integration in smart 

grids is described.  

This deliverable, hence, is a catalogue of advanced technical concepts that could 

be integrated into Data Centres portfolio in order to increase the overall efficiency 

and the share of renewable energies in power and cooling supply. In the first part, 

energy efficiency strategies are presented which lead to the reduction of electric 

and cooling loads and optimise the distribution of power and cooling through the 

infrastructure. These solutions cover for example scheduling of IT workloads, 

improvements related to uninterruptable power supply (UPS) systems and efficient 

airflow management. In the second part of the document, advanced concepts for 

power and cooling supply to Data Centres are presented, which have been 

developed based on four different scenarios. These are characterised by Data 

Centre sizes between 20 kW (server room) and 2 MW (large Data Centre) and 

different redundancy levels. The concepts proposed for the scenarios represent 

different combinations of technologies for power and cooling generation, re-

cooling, heat reuse, power and thermal energy storage and distribution. Moreover, 

the use of renewable heat sources (biomass and solar thermal) for cooling 

generation, or combined heat and power generation (cogeneration), renewable 

power generation (wind, photovoltaic, organic Rankine cycle (ORC), cogeneration) 

and renewable cooling (ambient air, seawater, groundwater) have been integrated 

into the advanced concepts. The chosen technologies are feasible for 

implementation at present or in the near future. 

Each of the proposed supply concepts is described including information on 

recommended geographic locations, main components, operation and control 

strategies, limits of application and backup/redundancy issues.  

TRNSYS simulations over an entire year are used to investigate the performance 

of the concepts. Based on the preliminary analysis some of the proposed supply 

concepts (solar desiccant evaporative cooling (DEC), solar-driven ORC and solar 
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thermal concentrator) are not simulated. The results of the simulation are 

illustrated with Sankey charts, where the energy flows per year within the 

subsystems of each concept for the selected scenario are shown. The metrics used 

in the analysis of the solutions are normalized non-renewable primary energy 

(𝑃𝐸𝐷𝐶,𝑛𝑟𝑒𝑛), normalized total cost of ownership (𝑇𝐶𝑂), power usage effectiveness 

(𝑃𝑈𝐸), renewable energy ratio (𝑅𝐸𝑅), normalized capital expenditure (𝐶𝐴𝑃𝐸𝑋) and 

normalized operating expenditure (𝑂𝑃𝐸𝑋). In the framework of this project, a 

normalized metric means that the standard metric is divided by the IT power 

capacity in kW. With the use of these metrics, the applicability of each concept for 

different IT power capacities and locations within Europe is analysed. 

The analysis of the results shows that the effect of the variation of location on the 

metrics is significant for the concepts 1 and 6 because of the PV and wind turbines. 

So for these concepts the efficiency of the Data Centre depends very much on 

where exactly the infrastructure is being built. Other concepts such as concept 4 

are almost completely location independent. The environmental friendliness of 

concepts that import a significant amount of energy from the grid depend of course 

very strongly on the renewable energy ratio (RER) in the grid and therefore on the 

location. It is visible from the relatively low RER values of those concepts that the 

current variations in the grid-RER are not big enough yet to be able to significantly 

lift a Data Centre RER using only storage solutions. 

The simulation results with the variation of the IT power capacity show that the 

concept with the syngas reciprocating engine has the lowest primary energy 

consumption and the higher RER value among the concepts based on the CHP 

system. The influence of the IT power capacity on the primary energy consumption 

and the RER is highest for the concept having the solar photovoltaic (PV) panels 

and the wind turbines. The TCO of the concepts related to the energy storage 

system decreases with the growth of the IT power capacity. 

Finally, a detailed study of the subsystems applied in the advanced concepts of 

cooling and power supply (e.g. chillers, power plants, storage systems) is given in 

the annex of the present document. The subsystem sections cover for instance 

hydraulic schemes, operation and control of the subsystems, and economic 

aspects. 

The wide range of the results and the lack of a single best option show that the 

approach of the RenewIT project with the planned web calculation tool (developed 

in WP6) is correct. Only with such a calculation tool it will be possible to make 

correct recommendations for each individual case. 
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LIST OF SYMBOLS AND ABBREVIATIONS 

Latin symbols 

Symbol Description Unit 

𝐴 area m² 

𝐴𝑅 area of turbine blade m² 

𝑐 specific costs €/kW 

𝐶 costs € 

𝐶 concentrating factor – 

𝐶 capacity flow W/K 

𝑐0 optical efficiency – 

𝑐1 linear heat loss coefficient W/(m2K) 

𝑐2 quadratic heat loss coefficient W/(m2K2) 

𝑐𝑝 specific heat capacity at constant pressure J/(kgK) 

𝐶𝑝 power coefficient – 

𝐶𝐴𝑃𝐸𝑋 capital expenditure € 

𝐶𝑂𝑃 coefficient of performance – 

𝑑 diameter m 

𝐸 energy J, kWh 

𝐸𝐸𝑅 energy efficiency ratio – 

𝑓𝑅𝑃𝐼 cost factor – 

𝑓𝑡 correction factor – 

𝑓𝑠𝑎𝑣 fractional energy saving – 

𝐺 solar irradiance W/m2 

ℎ specific enthalpy J/kg 

𝐻 solar irradiation  kWh/m2 

𝐻𝐻𝑉 higher heating value J/kg 

𝐿𝐻𝑉 lower heating value J/kg 

�̇� mass flow kg/s 

𝑂𝑃𝐸𝑋 operating expenditure € 

𝑝 pressure Pa 

𝑃 power W 

Δ𝑃 pressure difference Pa 

𝑃𝐸𝐶𝐹 primary energy conversion factor – 
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𝑃𝐷 partial water vapour pressure Pa 

𝑃𝐸𝐷𝐶,𝑛𝑟𝑒𝑛 Non-renewable primary energy kWh 

𝑃𝑈𝐸 power usage effectiveness – 

𝑄 heat quantity J, kWh 

�̇� heat flow W 

𝑅 thermal resistance (m2K)/W 

𝑅𝐸𝑅 renewable energy ratio – 

𝑡 time s 

𝑇 temperature K, °C 

Δ𝑇 temperature difference K 

𝑇𝐶𝑂 total cost of ownership € 

𝑈𝑜 overall heat transfer coefficient W/(m2K) 

𝑣 wind velocity m/s 

�̇� volume flow m³/s 

 𝑊 electrical energy J, kWh 

𝑥 water content g/kg 

y year a 

Greek symbols 

Symbol Description Unit 

𝛼 maximum power temperature coefficient – 

𝛼 heat transfer coefficient W/(m2K) 

ε effectiveness – 

ε emissivity – 

ζ electrical losses kWh 

𝜂 energy conversion efficiency – 

𝜂𝑚 electric generator efficiency – 

𝜂𝑡 gearbox efficiency – 

𝜙 load factor – 

𝜌 density kg/m³ 

𝜌 reflectivity – 

𝜎 electric to thermal ratio – 

𝜎 Stefan-Boltzmann constant W/(m2K4) 
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Subscripts 

a air  

Abs absorber 

amb ambient 

aux auxiliary 

av average 

bat battery 

BOS balance of system 

c cooling 

CDS charging/discharging system 

ch charging 

chw chilled water 

con condenser 

conc concentrating 

cow cooling water 

d direct 

dc discharging 

dif diffuse 

dir direct 

el electrical 

ev evaporator 

f fan 

FC fuel cell, free cooling 

g global 

h heat 

hex heat exchanger 

hp heat pump 

hsi heat sink 

hw hot water 

l leakage 

m,mod module 

nconc non concentrating 

nom nominal 

oa outside air 
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p pump 

pc phase change 

PE primary energy 

r return 

ref reference 

Refl reflector 

s supply 

st storage 

th thermal 

tot total 

 

Abbreviations 

ABCH Absorption Chiller 

AC Alternating Current 

ADCH Adsorption Chiller 

AEA AEA srl 

AFC Alkaline Fuel Cell 

AHU Auxiliary Heating Unit 

AM Air Mass 

AMWS Annual Mean Wind Speed 

APP Average Power Price 

APX Amsterdam Power Exchange 

ATES Aquifer Thermal Energy Storage 

BAT Battery 

BIPV Building Integrated Photovoltaic 

BMS Building Management System 

CB Capacitor Bank 

CBS Cold Buffer Storage 

CDSP Cost Driven Scheduling Policy 

CHP Combined heat and power 

CHWST Chilled Water Storage 

CONV Converter 

CPC Compound Parabolic Concentrator 

CPU Computer Processing Unit 
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CRAH Computer Room Air Handler 

CT Cooling Tower 

CV Control Valve 

CWB Cooling Water Basin 

DAFC Direct Air Free Cooling 

DC  District Cooling, Direct Current 

DCA White Space Air Cooling 

DCAL  White Space Direct Liquid Cooling 

DE Double Effect 

DEC Desiccant Evaporative Cooling 

DEERNS Deerns Nederland B.V. 

DH District Heating 

DHW Domestic Hot Water 

DIEC Direct Evaporative Cooler 

DRC Dry Cooler 

DRUPS Diesel Rotary Uninterruptible Power Supply 

DX Direct Expansion 

EES, ELST Electrical Energy Storage 

 EPDM-HT Ethylene Propylene Diene Monomer – High Temperature 

EPEX European Power Exchange 

ETC Evacuated Tube Collector 

FACTS Flexible AC Transmission Systems 

FC Fuel Cell 

FPC Flat Plate Collector 

GB Gas Boiler 

GCDC Green Cooling for Data Centre 

GEN Backup Diesel Generator 

HBS Heat Buffer Storage 

HBT Hybrid Cooling Tower 

HEX Heat Exchanger 

HPC High Performance Computing 

 HS Hydraulic Separator 

HSI Heat Sink 

HTF High Temperature Fluid 
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HVAC Heating, Ventilation and Air Conditioning 

HWST Hot Water Storage 

HWT Horizontal Axis Wind Turbine 

IAFC Indirect Air Free Cooling 

INV Inverter 

IREC Catalonia Institute for Energy Research 

IST Ice storage 

IT Information Technology 

LF Load Factor 

LFC Linear Fresnel Collector 

LGT Light 

LPG Liquified Petroleum Gas 

M/G Motor/Generator 

MET Meteorology 

MISC Miscellaneous 

MOD Modular 

MS  Mechanical system 

MTBF Mean Time Between Failures 

MTTR Mean Time To Repair 

N Number 

NOCT Nominal Operating Cell Temperature 

OMIE Polo Español S.A 

ORC Organic Rankine Cycle 

P Pump  

PB Protection Board 

PCM Phase Change Materials 

PD Pressure Decoupling 

PDU Power Distribution Unit 

PEM Proton Exchange Membrane 

PMSM Permanent Magnet Synchronous Machine 

PPP Peak Power Price 

PR Performance Ratio 

PTC Parabolic Trough Collector 

PV Photovoltaic 
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PVPS Photovoltaic Power Systems Programme 

RES Renewable Energy Sources 

SCH Scheme 

SE Single Effect 

SOC State of Charge 

SOFC Solid Oxide Fuel Cell 

SPH Space Heating 

SRV Server 

ST Storage 

STATCOM Static Synchronous Compensator 

STC Solar Thermal Concentration 

STP Steam Plant 

STS Static Transfer Switch 

SUPS Static Uninterruptible Power Supply 

SWAC Seawater Air Conditioning 

SWG Switch Gear 

SYN Synthesis Gas 

TES Thermal Energy Storage 

TR Transformer 

TUC Technische Universität Chemnitz 

TV Tempering Valve 

TWV Three Way Valve 

UPS Uninterruptible Power Supply 

VCCH Vapour Compression chiller 

VFD Variable-Frequency Drive 

VM Virtual Machine 

VWT Vertical Axis Wind Turbine 

WCT Wet Cooling Tower 

WHR Waste Heat Recovery System 

WI Wind Turbine 

WP Work Package 

 WSP White Space 

WVP Wave Power Plant 
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1 INTRODUCTION  

This document studies advanced technical concepts for the supply of power and 

cooling energy into Data Centres with regards to a high share of renewable energy 

and a highly efficient operation of the IT, the power supply and the cooling supply 

systems. 

The present report is strongly connected to further results of the RenewIT project. 

Among these is [1] where the potential of different renewable energy resources 

within Europe has been investigated. The feasibility of a concept including 

renewables might be strongly depending on the location – for example if solar 

energy is used.  [2] describes the conditions of temperature and humidity that are 

required in a Data Centre and thus have to be fulfilled by the advanced concepts 

proposed here. Metrics for evaluating the energetic and economic performance of 

the concepts are provided in [3] while Work Package (WP) 2 of the project deals 

with green management algorithms of workloads, which will be finally combined 

with the concepts for energy supply presented here. WP 5 of the project describes 

the modelling and simulating of the dynamic energy models of the proposed 

advanced concepts. [4] presents Data Centre archetypes and real infrastructures 

which are involved in the project as case studies. These archetypes and case 

studies are the basis for the scenarios assumed in the present document for 

developing advanced solutions for power and cooling supply. Finally, [5] studies 

the potential renewable sources proposed in this report for the case studies.  

1.1 NET ZERO ENERGY DATA CENTRE 

One of the aims of the RenewIT project is to explore Data Centres that consume 

net zero non-renewable primary energy from power grid and district energy 

networks during their lifetime, while generating as much energy (both electric and 

thermal) as they use during a year. A holistic approach is required for achieving 

Net Zero Energy Data Centre (Net ZEDC). It covers seven steps as shown in Figure 

1.1: The first step is to optimise the building layout and structures, aiming to 

reduce cooling loads. For the optimal building, the energy demand for IT has to be 

minimised (step 2) by efficient IT management concepts such as consolidation 

strategies and implementation of the green algorithms. Furthermore, the 

chronological sequence of IT loads should be optimised by integrating supply and 

demand management of available energy, integrating on-site renewable resource 

supplies and prioritising critical and noncritical workloads. As step 3, the Data 

Centre power distribution system has to be made as efficient as possible, e.g. with 

incorporating modular UPS and implementing UPS capacity enhancing strategies. 

The result from steps 1 to 3 is a minimised cooling load, which has to be fulfilled 
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efficiently. For this purpose, the cooling distribution system needs to be optimised 

(step 4), for example by applying the well-known hot or cold aisle containment. If 

there are consumers available which have a suitable heat demand (e.g. offices or 

a district heating network), re-using the heat generated by the IT hardware has to 

be considered as step 5. Finally, the last steps after applying the aforementioned 

saving and energy efficiency measures are to supply the remaining cooling and 

electrical load with a high share of renewable energy. For instance, this can be 

wind power or combined power and cooling generation from biomass as well as 

free cooling. 

 

Figure 1.1 Strategy for Net Zero Energy Data Centre 

1.2 DOCUMENT STRUCTURE 

Following the holistic approach and the strategy for Net ZEDC described above, 

the deliverable covers the whole area of IT workload management, electric and 

cooling load reduction, efficient distribution of power and cooling as well as efficient 

power and cooling generation and supply with use of renewable energy resources 

and energy storage systems. The main part of the document is divided into two 

chapters: 

 Chapter 2: Advanced technical concepts for reducing electric and cooling 

loads of Data Centres 

 Chapter 3: Advanced technical concepts for power and cooling supply 
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Generally, the concepts presented in both chapters have to be combined in order 

to reduce the energetic impact caused by the Data Centre to a minimum for 

reaching the goal of Net Zero Energy Data Centres. 

In chapter 2, strategies and concepts for the reduction of power and energy 

demand of Data Centres are described. First, strategies for the optimised building 

envelope and the concepts for efficient IT management which include consolidation 

policies and workload shifting are presented. Further sections in chapter 2 describe 

how the efficiency of the electric distribution and the cooling systems can be 

increased to reduce the cooling load. 

Chapter 3 focuses on advanced concepts for power and cooling supply for Data 

Centres. Here, as first step Data Centres are categorised into four different 

scenarios depending on their size, redundancy level and type of facility. For the 

different scenarios, different concepts for power and cooling generation, re-

cooling, heat recovery, energy storage, distribution and renewable energy use are 

proposed. The subsection 4 of this chapter describes the proposed concepts giving 

thermal and electric schemes along with the main components and information on 

geographic restrictions, operation and control, limits of application and 

backup/redundancy issues. In the next part of this chapter, the proposed concepts 

are analysed in detail with TRNSYS simulation. For each advanced concept, a 

Sankey chart of the energy flows per year in the system is presented and the 

performance of the concept is analysed by varying the Data Centre’s size and the 

location. 

Some of the concepts that were proposed in [6] have been not analysed further in 

this deliverable. These include the solutions 2, 10, 17 and 18, i.e. solar DEC, solar 

thermal concentrator and solar-driven ORC, as they have high costs while accom-

plishing comparatively low primary energy savings according to the preliminary 

results in [6]. 

Chapter 4 finally summarises the conclusions of the document. Thus, energetic 

and economic evaluations of all proposed concepts for load reduction and efficient 

energy supply of Data Centres are shown. 

In the annex, all subsystems used for compiling the advanced concepts are 

presented in detail. Subsystems are defined as groups of components, which fulfil 

a certain task in the entire supply system – for example power generation systems 

as a PV field or an ORC plant, or energy storage systems as electric batteries or 

chilled water tank storages.  

1.3 REMARKS ON ENERGY METRICS AND COST DATA 

The numbers presented for evaluating the proposed concepts are based on the 

transient simulations of annual balances. The aim at this stage is to give a first 



Advanced concepts and tools for renewable energy supply of IT Data Centres 
RenewIT - Project number: 608679 

  
 

D4.5 Catalogue of advanced technical concepts for Net Zero Energy Data Centres 

  Page 35 of 319 

   

impression on the energetic benefit of the concepts as well as the economic 

feasibility in order to decide which concepts are worth further analysis in the 

project.  

Cost data were taken from different literature sources in most cases and do not 

reflect cost differences within Europe. Additionally, there is no general reference 

year for cost data. In cost functions, a cost increase factor 𝑓 was introduced in 

order to adapt costs to today’s level by assuming a reasonable value. For the case 

of constant numbers for costs, these are given as stated in the literature. 

Approximate cost calculations are supposed to be sufficient in the project. 
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2 ADVANCED TECHNICAL CONCEPTS FOR 

REDUCING ELECTRIC AND COOLING LOADS 

OF DATA CENTRES 

This chapter describes energy efficiency strategies to reduce Data Centre loads to 

the minimum possible, ranging from advanced concepts for efficient building 

design, IT management, electrical distribution and to Low-Ex climate control and 

efficient cooling distribution. 

2.1 ADVANCED TECHNICAL CONCEPTS FOR THE BUILDING ENVELOPE OF DATA 

CENTRES 

White space and technical rooms in a Data Centre are placed in a dedicated 

building or in selected rooms within a building. This space interacts energetically 

with its surroundings. Its internal conditions, mainly temperature and humidity, 

depend on this interaction and on the active systems that are operating in the 

infrastructure. In case a power outage occurs, servers in Data Centres are powered 

by UPS, while cooling systems might be down during a certain period of time until 

emergency generation systems act or power from the grid is re-established. Thus, 

during this period when servers continue generating heat, thermal mass of the 

servers, racks and the building itself can protect servers from thermal shock. 

Succinctly, the energy balance in a Data Centre building is governed by the 

following phenomena: 

 Internal gains, mainly due to the IT equipment 

 Infiltration gains 

 Ventilation gains 

 Solar gains 

 Heat transfer through the building envelope 

 Thermal mass, also known as thermal capacity, both of the equipment and 

the building itself 

For the case of Data Centres, high internal gains are the dominating phenomenon 

leading to an increasing temperature in absence of cooling systems. Typical layouts 

of Data Centre minimise the contact of the white space with the ambient by placing 

some space such as offices, technical rooms, corridors, etc. between white space 

and the environment. Thus, infiltration and solar gains are minimised. Ventilation 

is also present in these infrastructures with normal rates between 0.3 and 0.5 air 
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changes per hour. On one hand, if the ambient temperature is below the inlet air 

temperature (27 °C maximum following ASHRAE recommendations) or cooling set 

points temperatures in other rooms than the white space, ventilation helps to 

decrease the cooling needs. However, when outside temperature is higher than 

the set points, ventilation increases the cooling needs. Increasing ventilation rates 

when favourable outside conditions are available means airside free cooling 

strategy. With the actual high internal gains, white space area transfers heat 

through its walls to the adjacent spaces in the building or the exterior (passive 

cooling). Thermal capacity of the building has the effect of displacing in time the 

changes of internal temperature and cooling loads. 

The objective of this section is to highlight some advanced concepts related to the 

building layout and its characteristics. The general strategy should be to apply 

passive solutions aiming to reduce cooling loads by rejecting the internal heat to 

the surroundings or adding inertia into the system in order to avoid large peak 

cooling needs. An optimised layout should consider several design issues, including 

site planning, orientation and plan section among others, which need to be adapted 

to the local climatic conditions. 

Strategies can be summarised as: 

 Protection from solar gains (Figure 2.1)  

o Building layout 

o Solar protection by overhangs, wing walls, drained walls 

o Solar protection in the roof through integration of solar systems which 

protects roof from direct solar radiation 

o Reflective surfaces both in roofs [7] and walls 

o Switchable facades 

 Increase energy loses from the white space to the exterior through the 

walls. This strategy can be valid in locations where the ambient temperature 

is lower than the set points, otherwise planned energy loses may be 

converted into energy gains. Notice that condensation phenomena need to 

be avoided in internal surfaces. 

o Building layout (Figure 2.2) 

o Minimising insulation in external walls/roofs 

o Increasing the surface with the external environment (Figure 2.3) 

o Creating thermal bridges in the envelope 
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(a) (b) (c) Figure 2.1 Examples of solar protection and integration of renewables in roofs: EnerPos 

building in La Reunion, France (a and b) [8], Pixel building in Melbourne, Australia (c) [9] 

 

 

Figure 2.2 Example of Data Centre layout with aim to increase passive cooling: Yahoo 

Computing Coop (YCC) from [10] 

 

Figure 2.3 Example of Data Centre layout increasing external surface in contact with white 

space [11]  
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 Optimising or increasing thermal capacitance, both to lower peak values or 

to add some degree of flexibility. Capacitance can be added in the Data 

Centre itself or in other parts of the building as it has been done with the 

thermal mass labyrinth shown in Figure 2.4. 

 

Figure 2.4 Scheme of the thermal mass labyrinth in NREL RSF Building [12] 

Preliminary results from building simulation tools show the potential of reducing 

cooling needs without applying free cooling. Reduction can reach up to 10% 

according to these preliminary tests where only changes in the layout of the Data 

Centre and the building envelope have been considered. The analysed case 

represents a Data Centre building located in Barcelona with a white space area of 

285 m2. The area of the ancillary spaces sums to 220 m2. IT power density is 

2.25 kW/m2 making the total IT power equal to 641 kW. The ventilation rate is 

assumed to 0.3 air changes per hour in both the white space and the other building 

zones. Air inlet temperature in the IT equipment is assumed to be 27 °C and the 

increase of temperatures in the servers to be 20 K. In the ancillary spaces, the set 

point for the conditioned air is 25 ºC. Figure 2.5 shows the Data Centre layouts 

that have been used for these preliminary calculations. 

            

Figure 2.5 Data Centre layouts: Layout 1 (left), layout 2 (middle) and layout 3 (right) 

Table 2.1 summarises the results in terms of cooling load reduction both in the 

white space and in the whole Data Centre. Several tests were performed using 

building simulation tools with a simplified model of the white space. The table 

White space

Zone 3

Zo
n

e
4

Zone 1

Zone 2

White space Zone 1
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shows the relative decrease of cooling needs with respect to a Data Centre 

characterised by layout 1 and insulated walls as required from building thermal 

codes. The table also presents the changes of parameters in each test.  

Table 2.1 Reduction of annual cooling demand in white space and the whole Data Centre 

building due to changes in the layout and the external building walls 

Test description Reduction of annual cooling energy demand 

white space whole building 

Layout 1 

Insulated walls (U = 0.5 W/m2K) 
reference 

Layout 2 

Insulated walls (U = 0.5 W/m2K) 
-1.1% 0.8% 

Layout 2 

Low-insulated walls (U = 1.7 

W/m2K) 

1.4% 3.5% 

Layout 2 

No insulation (U = 3.2 W/m2K) 

External reflective surfaces 

4.6% 6.9% 

Layout 3 

No insulation (U = 3.2 W/m2K) 

External reflective surfaces 

7.6% 9.9% 

2.2 ADVANCED TECHNICAL CONCEPTS FOR EFFICIENT IT MANAGEMENT  

In this section, advanced technical concepts for efficient IT management are 

presented which aim in reducing the electricity demand of the IT equipment due 

to higher performance ratios. Additionally, strategies for workload shifting are 

addressed. 

Modern approaches for energy-aware IT management rely on modelling of the 

power consumption of the current workloads that run within modern hardware 

architectures [13]. There is a noticeable difference in power consumption when 

the tasks dominate different resources (CPU, Memory, Network and Hard Drive) 

[14]. Chen et al. [15] build a linear power model that represents the behaviour of 

hardware nodes running Virtual Machines (VM) under high-performance computing 

workloads. Their model may not be suitable to perform accurate predictions since 

it relies in hardware nodes. Several authors [16], [17] build power models to infer 
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power consumption that apply to Virtual Machines power metering by using 

existing instrumentation in server hardware and hypervisors. However, none of 

these approaches considers the impact of hardware heterogeneity. The models 

that are being developed within the RenewIT project consider the fact that 

computing performance, idle power and power gradient as a function of computing 

resources are platform-specific [18]. In addition to the hardware heterogeneity, 

the heterogeneity of workloads (high-performance computing, data-intensive, 

real-time web workloads, etc.) must be considered. 

The energy and power models of both hardware and workloads are the basis for 

cloud resources allocation and management algorithms. 

Hypervisor-level resource management methods (VM placement, resizing and 

migration) may be used to improve energy saving of Cloud Data Centres [19], 

[20]. Consolidating the maximum number of VMs within the minimum number of 

physical hosts while turning off the idle hosts would minimise the energy impact 

while maximising the energy efficiency of the Data Centres. However, this 

technique would decrease the performance and the Quality of Service of the 

deployed services [21]. A trade-off is required between energy and performance 

that implies distributing (as opposite to consolidating) VMs with special 

performance requirements. Most works about consolidation of VMs focus on 

performance [22] and processor energy consumption [23] but do not consider the 

energy consumed by VM migration [24]. 

One of the main goals of the RenewIT project is to achieve, during the peaks of 

workload, an average reduction of 20% of the energy consumption of a Data 

Centre thanks to consolidation policies. This is a conservative approach, because 

the size of the experimental Data Centre in this project (four physical nodes node) 

allows a low leeway during workload peaks (when the utilisation of the Data Centre 

is near 100%). Some related work with less conservative approaches reported 

energy savings of 85% (but increasing the leeway by considering off-peak hours 

and bigger Data Centres) [25], [26].  

Other approaches that are more realistic report energy savings between 15 and 

30% [27] [28]. Goiri et al. [27] measured an improvement of up to 15% when 

providing consolidation techniques that are aware of the power efficiency with 

support for migration of Virtual Machines (Figure 2.6). The same authors show 

how exploiting heterogeneity of Data Centres can improve power efficiency by up 

to 30% (Figure 2.7) while keeping a high level of SLA enforcement. 

In addition to the logical overhead caused by the overloading of tasks, the 

interferences between the different tasks that run in the same pool of resources 

must be considered [18], [29], [30], [31], [32]. Such interference would cause an 

overhead that consumes extra power and reduces energy efficiency. 
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Figure 2.6 Power consumption comparison between consolidation policies (CDSP) and 

Dynamic backfilling policy [27] 

 

Figure 2.7 Power consumption with different levels of heterogeneity [27] 

When measuring the energy consumption of tasks within the resources, the 

thermal impact of the tasks must be considered (because the cooling systems also 

consume energy). It is required to calculate the relation between temperature and 

dissipated power for each node in order to engage thermal-aware temperatures, 

such as playing with ‘hot’ and ‘cold’ tasks to control temperature [33] or placing 

‘hot’ tasks to ‘cold’ or best cooled processors [34]. 

When the objective is not only to increase the energy efficiency but to maximise 

the ecological efficiency (reducing emissions and pollution), Data Centres that 

partially operate with renewable energies may schedule their workloads (if 

possible) according to the availability of such energies [35], [36]. For example, a 

Data Centre connected to solar PV schedules batch applications to the hours when 

there is the highest solar radiation. As a complementary policy, Data Centres 
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equipped with renewable energies that could be activated on demand (e.g. 

biomass) could adapt energy supply to the expected workload [35]. 

When operating with different Data Centres that are geographically distributed, IT 

management policies could also minimise the energy impact and maximise the 

ecological efficiency by considering the spot status of each Data Centre [37], [38] 

and [39]: energy cost, availability of energy according to their sources, or the 

status of the workloads and the physical nodes. 

2.3 ADVANCED TECHNICAL CONCEPTS FOR EFFICIENT ELECTRIC POWER 

DISTRIBUTION 

In this section, a detailed behaviour of the advanced electrical concepts proposed 

in the framework of RenewIT project has been described. Notice that in [6] six 

advanced technical concepts for efficient power distribution were proposed and 

described. However, only four of the already proposed concepts are going to be 

studied in detail due to its energy and economic efficiency potential. These 

concepts are: 

- Modular UPS 

- Bypassed UPS in normal operating conditions 

- Enhanced UPS for electrical energy storage  

- Enhanced UPS with oversized power converter for regulating reactive power 

After a detailed conceptual analysis of the other two advanced electrical concepts 

proposed in the past the consortium has decided to not study in detailed them. On 

one hand, even though the simplified power distribution system and UPS (Data 

Centre in direct current) seems to be feasible in the future, nowadays there is a 

lack of information of some electrical elements behaviour under this concept. ABB 

Company states that with the actual AC technology the overall energy efficiency 

can be compared with the DC technology so the consortium decided not to put 

more effort on this.  On the other hand, the distributed energy storages throughout 

the Data Centre require an optimal power flow control and with the simulation 

tools used in this project (mainly TRNSYS) this study is difficult to implement. 

Therefore, this advanced electrical energy concept is also discarded from study in 

the framework of RenewIT. Nevertheless, these two concepts can be studied in 

future research of the partners. 

2.3.1 MODULAR UPS 

The UPS is one of the main components of the electrical system of a Data Centre. 

This device is composed by an energy container (battery bank or flywheel) and a 

couple of power converters for its coupling to the electrical system of the facility. 
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It is in charge of providing power to the IT equipment in case of electrical failure. 

Thus, the installation of these devices in Data Centre industry is unavoidable. 

UPS devices are one of the components of the electrical system that generates 

more losses. Usually, legacy UPS generates a 6% of losses compared with the total 

IT power consumption. Therefore, solutions able to minimize their losses have 

become an interesting topic between the Data Centre communities. As a result, a 

new generation of UPS, such as the modular or bypassed UPS, are emerging in the 

market. 

Here, a proposal to perform a modular design of the UPS is presented so that the 

number of modules connected can vary depending on the workload conditions. The 

designed UPS is based on parallel-connected modules. Each module can be 

activated or deactivated separately depending on workload to maximise the 

efficiency. The efficiency of a UPS module is particularly sensitive to workload 

conditions; it is minimal at low load operation and increases until reaching its 

maximum at full load operation. So adapting the number of connected modules to 

workload, i.e. adjusting the capacity of the UPS to the magnitude of the power to 

be transmitted, favours the operation of the system close to its ratings, thus 

maximising its efficiency. Typically, this adjustment of the power capacity of the 

UPS is not performed, but the capacity of the UPS exceeds the 100% of the 

maximum power of the installation and it is always connected. This can cause 

significant inefficiencies during the operating lifetime of the system. 

The advantages of the proposed concept over the systems being currently applied 

in Data Centres depend on the energy (and associated economic) savings from the 

enhanced efficiency of the system. However, the cost of the numerous switches to 

be installed isolating each of the modules of the UPS have to be taken into account. 

The objective of this work is to calculate the increment of efficiency in terms of the 

increment of the load factor (LF) due to modularity. 

Methodology 

The study is performed over two scenarios with different load profiles, WEB and 

HPC, and cases. The scenarios are differentiated by the variation of the design 

parameters, nominal power of UPS and number of UPS units, with the installed IT 

power.  

In the first scenario, the installed IT power varies from 24 to 400 kW and the 

nominal power of UPS increase with the installed IT power, being always one the 

number of UPS installed. In contrast, in scenario two, is the number of UPS which 

increases because the installed IT power varies from 1 to 10 MW and the maximum 

UPS nominal power, assumed in our study, is 709 kW. These scenarios represent 

the two possible situations found nowadays in Data Centres, where one or more 

UPS are installed depending on the size and the redundancy of the building. These 

two scenarios are differentiated because this leads into different oversizing of the 



Advanced concepts and tools for renewable energy supply of IT Data Centres 
RenewIT - Project number: 608679 

  
 

D4.5 Catalogue of advanced technical concepts for Net Zero Energy Data Centres 

  Page 45 of 319 

   

UPS with respect to the installed IT power, as is shown in Figure 2.8. The cases, 

in both scenarios, are differentiated by the Data Centre installed IT power. The set 

of scenarios and cases are listed in Table 2.2. 

Table 2.2 Number of cases defined in each scenario and their associated installed IT power, 

UPS nominal power and number of UPS units 

  
Installed IT 

power [kW] 

 Nominal power of 

UPS [kW] 

Number of 

UPS [-] 

Total UPSs nominal 

power [kW] 

Scenario 1  

24 42 1 42 

120 203 1 203 

400 709 1 709 

Scenario 2  

1,000 709 2 1,418 

2,000 709 3 2,127 

5,000 709 8 5,672 

8,000 709 12 8,508 

10,000 709 15 10,635 

 

Figure 2.8 Total UPSs nominal power vs the installed IT power of each scenario 

The benefits achieved due to modularity are related with the increment of the load 

factor. The load factor is the percentage between the power demanded by the load 

and the nominal power of the UPS, equation (1). Notice that, even if the same 

profile is imposed, the load factor between scenarios and cases of scenario two 

differs, as depicted in Figure 2.9. This is due to the variation of the design 

parameters with the Installed IT power, which do not always follow the same linear 
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relation. Therefore, the increment of efficiency achieved between scenarios will be 

different.  

 𝐿𝐹𝑖 =
𝑃(𝑢)𝐼𝑇,𝑖

 𝑃𝑁𝑈𝑃𝑆
  (1)                                                      

   

Figure 2.9 Load factors of non-modular UPSs, in the different cases of the scenarios, with 

the same WEB profile 

Finally, before starting with the evaluation of the cases, it is necessary to define 

the number of modules that our modular UPS will have. In order to define the 

number of modules a literature research has been performed. The Data available 

in [40] and [41] set the number of modules between 3, 6 and 8 modules depending 

on the UPS size and manufacturer. After the literature research a UPS with 8 

modules, when the UPS nominal power is between 50 and 800 kW, will be used. 

Results 

The increment of UPS efficiency, due to modularity, will be related with the 

increment of the load factor between the UPS with and without modularity. In 

order to know the efficiency at a certain load factor it is necessary to characterize 

the efficiency curve of the UPSs. These curves are shown in Figure 2.10. The curves 

are characterized for the three UPS size used in scenario 1. Scenario 2 uses always 

the UPS with 709 kW of nominal power. In order to characterize these curves 

different TRNSYS [3] simulations have been performed with the type UPS losses 

(Type4011). Additional information about Type4011 can be found in deliverable 

5.1 of the RenewIT project [42]. The equations found for each battery, are in Table 

2.3. 
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Figure 2.10 UPS efficiency depending on the load factor value and his nominal power 

Table 2.3 Equations and R square values find for the different UPS 

UPS Nominal power [kW] Efficiency Equation 𝐑𝟐 

42 0.0478ln(LF) + 0.995 0.8365 

203 0.0478ln(LF) + 0.9946 0.8364 

709 0.0478ln(LF) + 0.9951 0.8368 

 

Modularity allows the UPS to work in a higher load factor, as is shown in  

Figure 2.11, because it activates and deactivates UPS modules adjusting the 

nominal power close to the load demand. As a result, the UPS will be operating in 

a higher efficiency point from the curve depicted in Figure 2.12. Therefore, the 

efficiency of a modular UPS will be higher than the efficiency of a non-modular 

UPS, for almost all the simulation time, as is show in Figure 2.13. 

 

Figure 2.11 Comparative between load factors, non-modular and modular UPS. Scenario 

1, case 2 (UPS 203 kW) 
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Figure 2.12 Comparative between efficiencies, non-modular and modular UPS. Scenario 1, 

case 2 (UPS 203 kW) 

At the end of each case, it is possible to know the increment of the load factor due 

to modularity. Thus, using the equations from Table 2.3, the UPS efficiency at this 

new load factor can be calculated. Therefore, it is possible to quantify the 

increment of the UPS efficiency due to an increment of the load factor. Moreover, 

an equation for each scenario can be obtained plotting the increments, achieved 

in each of the cases, and applying a data regression. The equation correlates the 

increment of the UPS efficiency due to an increment of the UPS load factor. These 

equations have been identified for the scenarios of Table 2.2, with a WEB and HPC 

profile, and are depicted in Figure 2.13. 

Notice that, even different cases were analysed, just one equation per scenario is 

given. This is because, between cases, the load profile has a higher influence than 

oversizing on the results achieved. However, as can be seen in Figure 2.13, 

oversizing becomes important between the results of the scenarios, where 

different increments on efficiency are found when the increment of the load factor 

is higher than a 30%. The equations are shown in Table 2.4. 

  

Figure 2.13 Equation, for each scenario, that correlates the increment over the average 

UPS efficiency due to an increment over the average UPS load factor  
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Table 2.4 Correlations found, for each scenario and profile, between the increment of the 

load factor and the increment of efficiency 

Scenario and Profile Equation about the increment of efficiency R2  

SC 1 (WEB) 0.7944·ΔLF3 - 0.5183·ΔLF2 + 0.1705·ΔLF - 0.0062 0.9770 

SC 2 (WEB) 0.0032·e6.339· ΔLF  0.9724 

SC 1 (HPC) 0.0043·e4.5953·ΔLF  0.9623 

SC 2 (HPC) 0.0045·e4.8324·ΔLF 0.9217 

 

As can be appreciated in Figure 2.13, when low increments on the UPS load factor 

are achieved low increments on UPS efficiency are found. This is coherent because 

a low increment on the load factor means that the UPS were working at high load 

factor and consequently, in a high efficiency point. In contrast, when the increment 

on the load factor is high means that the UPS were working on a low load factor, 

which leads to low efficiencies. In these cases, modularity moves the UPS efficiency 

from a low point to a higher one, leading to higher increments on efficiency. 

The results also show that the increment on the load factor in the scenarios with 

a WEB profile are lower than in the scenarios with a HPC profile. This is due to the 

variability of the WEB profile, which reaches lower load demands than in the HPC. 

In both profiles, the results from scenario two achieve higher increments on 

efficiency because there are more UPS present. Finally, a summary table, with the 

real and the approximated increments of UPS efficiency, obtained in all the cases 

of the scenarios, and the average deviations found between both values are shown 

in Table 2.5.  
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Table 2.5 Average increments on UPS efficiency, found during simulation and with 

equations, and average deviations between them, obtained in all the cases of the scenarios  

Scenario and Profile 

Real increment  

of Efficiency  

[%] 

Approximated 

increment  

of Efficiency  

[%] 

Deviation of the 

approximation 

[%] 

SC 1 

(WEB) 
2.06 2.05 13 

SC 2 

(WEB) 
2.95 2.65 9 

SC 1 

(HPC) 
3.17 3.17 11 

SC 2 

(HPC) 
4.19 4.21 10.94 

Conclusions 

The results show that a modular UPS achieves higher efficiencies than a non-

modular UPS. Moreover, the study ends up with a set of equations that allow us to 

compute the expected increment of UPS efficiency, if the increment on the load 

factor due to the modularity is known. These equations are given for a set of 

scenarios, with different installed IT power and number of UPS. These scenarios 

were tested with different load profiles, WEB and HPC. 

Looking at the results in detail, the implementation of UPS modularity, increases 

the average load factor of the UPS between 30-50%. This leads to an increment 

of 3-5% on the UPS efficiency, setting the average UPS efficiency around 97.5%. 

This improvement on efficiency means a reduction of 40-60% of the UPS losses, 

which results in 3-4% less power consumption in the overall Data Centre 

consumption. The increment of UPS efficiency implies a reduction of the OPEX 

expenditures. This reduction is strongly related with the number of UPS units, the 

power consumption of them and the increment of the load factor achieved. Thus, 

the OPEX reduction varies through the range of scenarios tested, being the lowest 

reduction around the 600€ and the highest around 151,894.7€ in scenarios with 

42 and 10,000 kW of IT power, respectively. Therefore, the savings in the OPEX, 

in one year, can be approximated as 14.74€/kW IT. Even the equations present 

some deviations; these aren’t higher than a 15%. Thus, even the approximation 

is rough, it helps to understand and quantify the benefits that this advanced 

concept can introduce to the Data Centre portfolio.  
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2.3.2 BYPASSED UPS  

The majority of Data Centres utilise the static UPS in double conversion topology. 

In this topology, the critical loads of the Data Centre are always provided with fully 

conditioned mains power. Therefore, the AC currents and voltages from the main 

grid are converted to direct current (DC) and then back again to clean alternating 

current (AC) power. Applying this scheme, the losses in the UPS are noticeable 

because of the AC/DC double power conversion. Usually legacy UPS generates a 

9% of losses compared with the total IT power consumption [43]. Therefore, 

solutions able to minimize the UPS losses have become an interesting topic for 

Data Centre owners. As a result, a new generation of UPS, such as the modular or 

bypassed UPS, are emerging in the market. 

Bypassed UPS minimize the losses introduced by power converter. In order to 

achieve that, the UPS avoids one or both converters depending on certain grid 

conditions and UPS characteristics, these two types or operational modes are 

called partially and fully bypassed UPS, respectively. Usually, UPS operates in 

normal conditions in order to provide the critical loads with “clean” AC power and 

ensure a constant power supply in case of mains failure, on-line operation results 

in no transfer time and the output voltage is of high quality. Underestimating these 

two main advantages, one can operate the UPS fully bypassed. In this operating 

mode, the power losses in the UPS are minimal since there is no power flow 

through the converters, but the critical loads are supplied with “dirty” power from 

the main grid. This reduction of power quality though can affect the operation and 

lifetime of the critical loads of the Data Centre and this is the main drawback of 

adopting this strategy. In order to improve power quality while still reducing power 

losses in the UPS, it can be operating partially bypassed. In this configuration, the 

power flows from the main grid to the loads avoiding the AC/DC conversion in the 

grid side converter of the UPS; so this first power converter is offline. As a 

difference, the DC/AC power converter connecting the UPS to the loads is working, 

actively filtering the power from the main grid prior to reaching critical IT loads. 

As a result, this operation reduces power losses in the UPS while still improving 

the power quality for protection of critical loads of the Data Centre. 

The objective of this study is to calculate the increment of efficiency, between a 

UPS in normal conditions and partially bypassed, in terms of the number of hours 

that the UPS can operate in partially bypassed mode. The study uses different 

TRNSYS [44] simulations that have been performed with the type UPS losses 

(Type4011). Additional information about Type4011 can be found in deliverable 

5.1 of the RenewIT project [42]. 

Methodology 

In order to be able to study this advance concept, following assumptions were 

made: 
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- Depending on the power grid quality and UPS characteristics, the UPS will 

be working in normal conditions or partially bypassed. These operational 

modes are shown in Figure 2.14, where the active devices are depicted in 

red colour. In the framework of the project, it is assumed that the second 

converter or converter downstream of the UPS will be always energized 

when the UPS is working in the partially bypassed mode. 

 

Figure 2.14 UPS operational modes, normal conditions (left picture) and partially bypassed 

(right picture) [45] 

- The conditions that allow to work with the UPS in one operational mode or 

another are basically two. The first condition is related with the UPS 

topology. Depending on the UPS topology the transfer time between normal 

conditions and partially bypassed mode will be higher or lower. It is crucial 

to know the transfer time in order to ensure that the UPS will be able to 

provide power in case of main grid failures or clean the power in case of 

voltage disturbances, avoiding power interruptions in the IT equipment. A 

key factor during this process is the design ride-through of the IT power 

supply units (PSU). PSU, in IT systems, can store small amounts of energy, 

in capacitors, and thereby allow for a certain amount of ride-through time, 

which is the length of time that the IT equipment can continue to function 

during a complete loss of power. Usually the ride-through time of a PSU 

ranges between 10-50 ms. Thus, it is imperative to know the ride-through 

capabilities of every PSU that will be powered by the UPS and know the 

transfer time of the UPS, which must be lower than the PSU ride-through 

time. The Green Grid provides a summary table, for different UPS 

topologies, about the transfer time. This classification can be also found in 

the standard IEC 62040-3 [46]. Moreover, in the Green Grid document 

(Figure 2.15), it is shown the ride-through time of two classes of PSU and 

the transfer time of two classes of bypassed UPS. As can be appreciated on 

the image, the UPS called Eco-Mode UPS 1, is able to work inside the range 

without IT interruptions, in contrast, Eco-Mode UPS 2 is not able to change 

the UPS operational mode faster enough to avoid IT interruptions. During 

the study, it is going to be assumed that our UPS is able to change the 
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operational mode faster than the ride-through time of the PSU, avoiding the 

possibility of IT interruptions. 

 

Figure 2.15 Ride-through time of ITIC/CBEMA and 2010 PSU and transfer time of two Eco-

Mode UPS [45] 

- The second condition that allows to work with the UPS in partially bypassed 

mode is the grid power quality. Even if nowadays some devices measure 

the quality of the power supplied by the grid, there is not too much 

information available in literature about the areas and the annual number 

of hours with an adequate grid power quality. Based on the specifications of 

some UPS manufacturer as ENERGY STAR [47] and some informs about grid 

power quality in U.S., developed by the EPRI [48], a set of profiles allowing 

a percentage of the annual hours working in partially bypass mode are 

developed. These profiles are depicted in Figure 2.16, and allow the UPS to 

work in a partially bypassed mode in a 25%, 75% and 95% of the annual 

hours.  
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Figure 2.16 Assumed grid power quality profiles for the partially bypassed operational 

mode analysis 

- In order to be able to quantify the benefits of bypass concept, the source 

code of the Type4011 is modified. These modification are: 

o Include a new input called bypass signal. This signal will allow the 

UPS to operate in partially bypass mode, bypass signal equal 1, or 

not, bypass signal equal 0. The value of this bypass signal will depend 

on the power grid quality. 

o Additionally, when the partially bypass mode is enabled, the losses 

contributions of the converters should be reduced. In order to emu-

late that a conditional is implemented, this conditional will reduce the 

losses contribution by two when the partially bypassed mode is ac-

tive. 

The study is performed over different scenarios where different profiles and Data 

Centre redundancy level are assumed. These profiles are WEB and HPC profile. 

The redundancy levels are: redundancy level I, which means no redundancy in the 

electrical system, and redundancy level III, which means N+1 redundant 

components and two lines of electrical distribution, according to [49]. Moreover, 

in each scenario, IT power varies from 50 to 3,000 kW. Thus, each scenario has 

seven cases. The set of cases and scenarios are listed in Table 2.6. 
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Table 2.6 Set of scenarios and cases simulated 

Scenario Redundancy Level Profile Installed IT power [kW] 

SC 1 I 

WEB 

50 

100 

250 

500 

1,000 

2,000 

3,000 

SC2 III 

SC 3 I 

HPC 

SC 4 III 

Results 

After simulating the scenarios with each profile, as a summary of the simulations, 

a set of average results are obtained. These results are: the load factor average 

where the UPS is working, the average efficiency of the UPS working in normal 

conditions and the average efficiency of the UPS working in partially bypassed 

mode. As an example, the summary results from the scenario 2 are shown in  

Table 2.6. This scenario assumes a 75% of the annual hours with an adequate grid 

power quality and uses a WEB load profile. Moreover, the redundancy level of the 

scenario is redundancy level III. 

Table 2.7 Example of the simulation summary results extracted from each scenario. The 

results are from scenario 2 

Cases 
Installed IT power 

[kW] 

Average  

Load Factor [-] 

UPS efficiency  

without bypass [%] 

UPS efficiency  

with bypass [%] 

1 50 0.307 94.97 97.42 

2 100 0.307 95.04 97.46 

3 250 0.307 95.09 97.49 

4 500 0.307 95.10 97.49 

5 1,000 0.119 90.42 94.95 

6 2,000 0.148 91.90 95.77 

7 3,000 0.162 92.41 96.05 
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The results obtained from simulations allow us to compute the annual UPS 

efficiency, using the formula presented by ENERGY STAR [47], equation (2). 

Finally, the main result from the study is the annual increment of UPS efficiency, 

due to the UPS hours working in partially bypassed mode. This increment can be 

computed as the difference between the annual efficiency, result from  

equation (2), and the efficiency in normal conditions. As an example, the annual 

UPS efficiency and the increment of UPS efficiency are given, in Table 2.8 for the 

cases shown in Table 2.7. 

 

  𝐸𝑓𝑓𝑎𝑣𝑒 =
𝐻𝑤𝑖𝑡ℎ 𝑏𝑦𝑝𝑎𝑠𝑠

𝐻𝑇𝑜𝑡𝑎𝑙
· 𝐸𝑓𝑓𝑤𝑖𝑡ℎ 𝑏𝑦𝑝𝑎𝑠𝑠 +

𝐻𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑏𝑦𝑝𝑎𝑠𝑠

𝐻𝑇𝑜𝑡𝑎𝑙
· 𝐸𝑓𝑓𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑏𝑦𝑝𝑎𝑠𝑠   (2)                                                      

 

Plotting the results from Table 2.7, Figure 2.17, one can realize that the increment 

on the annual UPS efficiency depends only on the load factor at which the UPS has 

been working with, as the increment of UPS efficiency found in the first four cases 

are really similar. In these cases, the UPS were working at the same load factor 

and with the same percentage of annual hours with an adequate grid power 

quality. These results are coherent because the UPS efficiency is function of the 

load factor, as is shown in Figure 2.10 of modular advance concept. Thus, for the 

same amount of hours with the UPS working in partially bypass mode and at the 

same load factor, the same increment on efficiency must be found. 

Table 2.8 Annual UPS efficiency and increment of the UPS efficiency for the cases of 

scenario 2 

Cases UPS annual efficiency [%] Increment of the UPS efficiency [%] 

1 96.81 1.83 

2 96.86 1.81 

3 96.89 1.79 

4 96.89 1.79 

5 93.82 3.40 

6 94.81 2.90 

7 95.14 2.73 

 

In contrast, in the rest of cases (cases 5, 6 and 7), the UPS is working at a different 

load factor thus, different increments of the annual UPS efficiency are found. The 

figure also shows that when the load factor increases, the increment of the annual 
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UPS efficiency decreases. This is coherent because the UPS is more efficient at 

higher load factors, thus the losses of the converters, and the reductions of these 

losses, are lower. 

 

Figure 2.17 Average load factor and increment of the annual UPS efficiency found in the 

cases of Scenario 2 

The effect of the number of annual hours applying bypass can be seen plotting the 

results from the same scenario and different percentage of annual hours with an 

adequate grid power quality. These graphics have been done for all the scenarios 

and are depicted in Figure 2.18 to Figure 2.21, below. Applying a data regression 

on the graphics allows us to derive a set of equations. These equations are 

differentiated by the number of hours with an adequate grid power quality and 

describe the increment of the annual UPS efficiency at a certain load factor. The 

equations and the R square value are shown in Table 2.9. 

 

Figure 2.18 Correlation between average load factor and increment of annual efficiency, 

for all the annual percentage with an adequate grid power quality, Scenario 1 
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Figure 2.19 Correlation between average load factor and increment of annual efficiency, 

for all the annual percentage with an adequate grid power quality, Scenario 2 

 

Figure 2.20 Correlation between average load factor and increment of annual efficiency, 

for all the annual percentage with an adequate grid power quality, Scenario 3 

 

Figure 2.21 Correlation between average load factor and increment of annual efficiency, 

for all the annual percentage with an adequate grid power quality, Scenario 4. 
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Finally, a summary table, with the annual average increments of UPS efficiency, 

obtained during simulations, in all the cases of the scenarios, and the average 

deviations found between simulation and approximated values is shown below, 

Table 2.10.  

Table 2.9 Equations about the increment of annual UPS efficiency and R2 square values 

obtained in the different scenarios and percentages of annual hours with an adequate grid 

power quality 

Sce-

nario  

Percentage of annual hours with an adequate grid power quality 

25% 75% 95% 

Equation R2 Equation R2 Equation R2 

SC 1 0.2929·LF-0.603 0.993 0.8792·LF-0.604 0.9932 1.1421·LF-0.587 0.9924 

SC 2 0.2777·LF-0.656 0.9987 0.8337·LF-0.656 0.9987 1.0804·LF-0.641 0.9986 

SC 3 -0. 2908·LF + 0.5908 0.8732 -0.8732·LF + 1.7732 0.8711 -1.1061·LF + 2.2814 0.8728 

SC 4 0.3377·LF-0.446 0.9803 1.0138·LF-0.446 0.9803 1.3181·LF-0.437 0.9801 
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Table 2.10 Summary table, with the average increments of annual UPS efficiency, obtained 

during simulations, in all the cases of the scenarios, and the average deviations found 

between simulation and approximated values through equations 

Scenario  

Percentage of annual hours with an adequate grid power quality 

25% 75% 95% 

Average  

increment  

of annual  

efficiency  

[%] 

Equa-

tion 

Devia-

tion  

[%] 

Average  

increment  

of annual  

efficiency  

[%] 

Equa-

tion 

Devia-

tion  

[%] 

Average  

increment  

of annual  

efficiency  

[%] 

Equa-

tion 

Devia-

tion  

[%] 

SC 1 0.774 0.79 2.32 0.81 2.94 0.84 

SC 2 0.61 0.36 1.83 0.37 2.33 0.39 

SC 3 0.51 8.22 1.54 8.33 2.089 8.09 

SC 4 0.43 2.73 1.29 2.76 1.81 2.7 

Conclusions 

The results from the study depict that an increment of the UPS efficiency can be 

expected due to a percentage of the annual hours working in a partially bypass 

mode. Moreover, the study ends up with a set of equations that allow us to 

compute the expected increment of UPS efficiency, if the load factor where the 

UPS operates is known. These equations are given for a set of scenarios, with 

different profiles (WEB and HPC) and redundancy level (I and III), tested with 

different percentages of the annual hours with and adequate grid power quality 

(25%, 75% and 95%).  

The study shows that depending on the scenario and the number of hours applying 

partially bypass, the UPS efficiency can be improved by 0.5-3.0%. The 

enhancement of the UPS efficiency, introduces savings in the OPEX expenditures. 

These savings vary with the grid power quality profile used and the IT power 

demand of the system and consequently with the number of UPS installed. For 

example with a 75% of the time with an adequate grid power quality, the OPEX 

expenditures are reduced 293.8€ and 22,388€ in scenarios with 50kW and 

3,000kW of IT power, respectively. Therefore, the savings in the OPEX, in one 

year, can be approximated as 7.22€/kW IT. The highest UPS efficiency found, 
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when the UPS works in partially bypass mode, is 98.2%, where the average UPS 

efficiency at partially bypass mode is around 97.5%. Moreover the equations find 

can be considered reliable as the highest deviation found is an 8% over the UPS 

increment of efficiency. Thus, the results and equation, showed in the study, are 

confident and allow us to understand and quantify the benefits that this advance 

concept can introduce in our Data Centre.  

2.3.3 ENHANCED UPS FOR ELECTRICAL ENERGY STORAGE 

The electrical distribution system of the Data Centre includes, among other 

equipment such as switches, panels and distribution paths, UPSs and autonomous 

diesel generators for power backup in case of mains failure. These represent 

important expenditures for the Data Centre owner. However, since security of 

supply is principal for the installation, these expenditures are somehow 

unavoidable. 

Although unavoidable, there are options to reduce the need of installing dedicated 

diesel generators. One option is to enhance the energy capacity of the UPSs of the 

installation. This enhanced UPS could serve to provide energy during a few hours 

in case of a main failure as a diesel generator would provide. However, one should 

consider that all diesel generators cannot be replaced by electrical storage in the 

Data Centre, since they are still required under severe and prolonged (several 

hours or days) mains failures.  

Qualitatively, the potential advantages of this advance electrical concept are 

related to the possibility of managing the energy stored in the designed UPS 

towards the technical and economic optimisation of the operation of the Data 

Centre. This refers e.g. to buying cheap electrical energy from the main grid for 

charging the electrical storages. Thus, this energy can be used in the Data Centre 

during periods of high-energy demand and thus high electricity costs. This way, 

the expenditures associated to buying electricity from the main grid could be 

minimised. It is important to consider that for the economic suitability of installing 

energy storage systems dedicated energy management algorithms are required. 

These gives the possibility to effectively time-shift the loads to low energy cost 

periods while still improving the power quality of the Data Centre and also being 

ready to act in case of a power failure in the main grid. 

The main objective of the following study is to find the optimal enhancement 

percentage of the UPSs that minimize the electrical bill, if there is any optimal 

enhancement. In order to achieve that, parametric analyses have been performed 

in TRNSYS. This parametric study uses a TRNSYS project where the main types 

are the detailed UPS (Type4015), previously developed and validated in the same 

platform [44], and the Smart trading algorithm, which actually do not account the 

possibility of load shifting. Finally, the parametric analysis is performed over 

different Data Centre scenarios, with different installed IT power, system 
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configurations and battery enhancement percentages. Next sections will describe 

the scenarios, assumptions and results.  

Methodology 

In order to be able to analyse the smart trading advance electrical concept, some 

assumption over the state of charge of the battery (SOC), battery enhancement 

and cost must be done:  

- The electrical configuration of Data Centre is classified following a redundancy 
level classification, which defines the level of redundancy of the Data Centre. 

In our study, it is considered that the Data Centre will have a redundancy 
level I or III configuration, which means no redundancy or N+1 redundant 

components and two electrical distribution lines, respectively. Moreover, it 

is assumed that each of the UPS contained in our Data Centre has the same 

enhancement. Therefore, defining and enhancement of 100% in a system 

with no redundancy, will increase the energy capacity of UPS to do smart 

trading, in a same amount that in a redundant system with an enhancement 

of 50%, as is shown in Figure 2.22. 

  

Figure 2.22 Enhancement of a UPS capacity to do smart trading, redundant and no 

redundant scenario 

- The UPS will use the enhanced capacity to do smart trading; keeping always 

some energy stored inside the batteries in order to supply power to the IT 

equipment in case of grid failure. This stored energy will be called fix UPS 

capacity. Therefore, the battery is enforced not to discharge more than X% 
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of the total capacity, where X% means the fraction of enhanced capacity, 

respect to the total capacity. For example, the UPSs depicted in Figure 2.22 

are discharging the same amount of energy even they have different mini-

mal SOC values, as is shown in the example below. The minimal SOC value 

is computed using equation (3). 

𝑀𝑖𝑛𝑖𝑚𝑎𝑙 𝑆𝑂𝐶 =
100

(𝐸𝑛ℎ𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡 + 1 )
 (3)                                                      

                

Example 

Redundancy level I (N): 

UPS capacity = 100 kW 

UPS units = 1 
Enhancement = 100 (%) = 1  

Minimal SOC = 
100

(1+1 )
= 50% 

Fix UPS capacity = UPS capacity · Minimal SOC = 100 · 0.5 = 50 kW 
 

[Total UPS capacity to do SMT = (UPS capacity – Fix UPS capacity) 
· UPS units = (100 – 50) · 1 = 50 kW] 

 

Redundancy level III (2N): 

UPS capacity = 75 kW 
UPS units = 2 

Enhancement = 50 (%) = 0.5  

Minimal SOC = 
100

(0.5+1 )
= 66.67% 

Fix UPS capacity = UPS capacity · Minimal SOC = 75 · 0.6667 = 50 
kW 

 
[Total UPS capacity to do SMT = (UPS capacity – Fix UPS capacity) 

· UPS units = (75 – 50) · 2 = 50 kW] 
 

- The model uses a Lead-Acid battery for the UPS and the enhancement of 

UPS, where the maximum nominal power is 709 kW. Typically the cost of a 

battery is high, thus this advance concept only makes sense in a framework 

where the battery costs are low and the electrical price is variable. There-

fore, it is assumed that the enhancement is done with a second life battery, 

with an approximated cost of 150 €/kWh. If there is no optimal enhance-

ment, the maximum cost of the battery, in order to get benefits with the 

smart trading strategy, will be calculated. 
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- The profiles used for the electrical prices are depicted in Figure 2.23. The 

profiles are from Spanish industrial consumers, with an installed power 

higher and lower than 450 kW, left and right axis, respectively. Spain is 

selected due to its variability in the electrical profile. The economical 

evaluation is done in a 3 years scenario, where it is assumed that Data 

Centre has the same energy consumption each year. This period is selected 

because the reposition of a second life battery must be done, approximately, 

every 3 years. 

- The smart trading algorithm is mainly governed by two conditions and three 

equations. The first condition, compares the actual and average price of the 

electricity, where the average is computed using the electrical price of the 

last 24 hours. The average will not change during 24 hours and the electrical 

profile has an increment of the electrical cost, between 5:00 and 6:00 

o’clock, and a decrease of the electrical cost between 20:00 and 21:00 

o’clock, thus the battery will do two operations per day. Depending on the 
comparative between the average and actual electrical price, the smart trad-

ing algorithm sends the order of charging or discharging to the UPS. If the 

actual price is over the average price, thus electricity cost is high; the SMT 
algorithm will enforce the UPS to discharge the batteries. Otherwise, if the 

actual price is lower than the average one, thus, the electricity cost is lower, 

the SMT algorithm will enforce the UPS to charge the batteries. 

 

Figure 2.23  Electrical price profile for industrial consumers in Spain, five days of the year 

In this study, energy is not injected into the grid, thus the smart trading 

algorithm has to ensure that the battery is not discharging more energy 

(𝑃𝑚𝑎𝑥𝑑𝑐ℎ) than the IT load demand (𝑃𝐼𝑇); this is the second condition. 

Therefore, the state of charge imposed by the smart trading algorithm, 

during a discharge period, will be restricted by the amount of energy that 

our UPS can deliver and the amount of power that our load is requiring. For 
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example, if the load is demanding more power that the one that the UPS 

can deliver, equation (4), the state of charge becomes the minimal state of 

charge that our UPS can achieve, equation (3) above, which is equivalent to 

discharge the extra batteries added at the UPS. Otherwise, if the UPS can 

deliver more power that the one that our load is demanding, the SMT 

algorithm calculates the exact state of charge necessary to satisfy the load 

demand (𝑆𝑂𝐶𝑟𝑒𝑓), equation (5). This calculated SOC will be obviously 

between the minimal and the maximum SOC of the battery. The minimal 

SOC depends on the enhancement done, where the maximum SOC is always 

100%. Figure 2.24, represents the logical sequence followed by SMT 

algorithm. 

𝑚𝑎𝑥𝑑𝑐ℎ =
(

100
(𝐸𝑛ℎ𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡 + 1)

− 𝑆𝑂𝐶𝑏𝑎𝑡) · 𝐾𝑝 · 𝑉

1000
 

(4)                                                      

 

𝑀𝑆𝑂𝐶𝑟𝑒𝑓 =
𝑃𝐼𝑇 · 1000

𝐾𝑝 · 𝑉
  +   𝑆𝑂𝐶𝑏𝑎𝑡 

(5)                                                      

 

 

Figure 2.24 Block diagram of smart trading algorithm 



Advanced concepts and tools for renewable energy supply of IT Data Centres 
RenewIT - Project number: 608679 

 
 

D4.5 Catalogue of advanced technical concepts for Net Zero Energy Data Centres 

Page 66 of 319 

 

- Data Centre requirements are really different depending on the business 

behind them, therefore, their diversity is huge. In order to find the optimal 

enhancement, for different Data Centre configurations, a set of scenarios 

are defined. These scenarios try to reproduce the main differences between 

Data Centres that can impact on the optimal enhancement of the UPS. These 

differences are related to Data Centre size, load profile and redundancy or 

redundancy level. 

- The WEB and HPC profile and their approximated IT power consumption, 

are based on the assumptions done by Depoorter et al [50], where a 

homogenous cluster configuration and perfect load balancing are assumed. 

The total Data Centre power draw is related to the server power, which 

depends on the server utilization. Depoorter, characterize the server power 

consumption as a linear function, starting from a fixed idle power and 

growing linearly with the utilization until the power peak load, as it is shown 

in Figure 2.25. The utilization of a server is defined by the profile used, WEB 

or HPC, and varies in a rank from 0 to 100%, being 100% the peak compute 

capacity of the Data Centre. Figure 2.26 represents the Data Centre 

utilization profile for a WEB and HPC workload. 

 

Figure 2.25 Increases of IT power consumption (%) with utilization factor (%) 
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Figure 2.26 Utilization defined by the IT load profiles WEB and HPC 

- In each scenario, the enhancement of the UPS varies from 0 to 250% times 

more capacity than the original battery, increasing 25% each time. In the 

case with no enhancement, the smart trading concept is not applied, thus it 

will be used as a baseline case. The set of scenarios where the smart trading 

algorithm were evaluated are summarized in Table 2.11. These set of 

scenarios leads to 308 different cases.  
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Table 2.11 Summary of scenarios and cases ran during the study 

Installed IT Power [kW] Load profile Redundancy level  Enhancement [%] 

50 

WEB 

I Enhance [0,25….250] 

III Enhance [0,25….250] 

HPC 

I Enhance [0,25….250] 

III Enhance [0,25….250] 

100 

WEB 

I Enhance [0,25….250] 

III Enhance [0,25….250] 

HPC 

I Enhance [0,25….250] 

III Enhance [0,25….250] 

250 

WEB 

I Enhance [0,25….250] 

III Enhance [0,25….250] 

HPC 

I Enhance [0,25….250] 

III Enhance [0,25….250] 

500 

 

 

 

WEB 

I Enhance [0,25….250] 

III Enhance [0,25….250] 

HPC 

I Enhance [0,25….250] 

III Enhance [0,25….250] 

1,000 

WEB 

I Enhance [0,25….250] 

III Enhance [0,25….250] 

HPC 

I Enhance [0,25….250] 

III Enhance [0,25….250] 
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Installed IT Power [kW] Load profile Redundancy level  Enhancement [%] 

2,000 

WEB 
I Enhance [0,25….250] 

III Enhance [0,25….250] 

HPC 

I Enhance [0,25….250] 

III Enhance [0,25….250] 

3,000 

WEB 

HPC 

III Enhance [0,25….250] 

I Enhance [0,25….250] 

HPC 

III Enhance [0,25….250] 

III Enhance [0,25….250] 

 

Results 

After analyse the proposed scenarios, with the battery price of 150 €/kWh, the 

results show that an optimal enhancement cannot be found. This is due to the 

investment cost of the battery, which is higher than the economical savings that 

can be achieved on the electrical bill. Therefore, nowadays with the actual battery 

price and the electrical profile used is not possible to achieve reduction on the 

electrical bill due to smart trading strategy. Based on the past results, researchers 

change the purpose of the analysis. The results were analysed in order to find the 

maximum price of the second life battery in order to start to achieve savings with 

the smart trading strategy. 

Before analysing the maximum battery price, with our smart trading algorithm, a 

rough analysis over the potential savings that can be achieved with the electrical 

profile is performed. This analysis assumes the battery enhancements listed in 

Table 2.12 and the electrical profiles defined above. The savings obtained divided 

by the enhanced capacity, used to obtain this savings, give us the maximum 

battery price. The results of this potential analysis are listed in Table 2.13, below. 
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Table 2.12 New set of scenarios where the maximum battery price will be analysed 

Installed IT 

Power [kW]  

Load 

Profile 
Redundancy level Enhancement [%] 

50 

WEB I Enhance [50, 200, 250, 300, 400, 500 and 1300] 

HPC I Enhance [50, 200, 250, 300, 400, 500 and 1300] 

185 

WEB I Enhance [50, 200, 250, 300, 400, 500 and 1300] 

HPC I Enhance [50, 200, 250, 300, 400, 500 and 1300] 

250 

WEB I Enhance [50, 200, 250, 300, 400, 500 and 1300] 

HPC I Enhance [50, 200, 250, 300, 400, 500 and 1300] 

500 

WEB I Enhance [50, 200, 250, 300, 400, 500 and 1300] 

HPC 
I 

Enhance [50, 200, 250, 300, 400, 500 and 1300] 
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Table 2.13 Theoretical results, maximum battery prices and reduction of cost, achieved in 

the new scenarios 

Installed IT 

Power 

[kW] 

UPS 

Ca-

pacity 

[kWh] 

Additional storage [kWh] 

50% 200% 250% 300% 400% 500% 1300% 

50 70.69 13.75 55 68.75 82.5 110 137.5 357.5 

185 358.3 50.875 203.5 254.375 305.25 407 508.75 1322.75 

500 758 137.5 550 687.5 825 1100 1375 3575 

2,000 3,173 550 2,200 2,750 3,300 4,400 5,500 14,300 

Installed IT 

Power 

[kW] 

UPS 

Ca-

pacity 

[kWh] 

Reduction costs (Savings) [€/year] 

50% 200% 250% 300% 400% 500% 1300% 

50 70.69 168 672 1,008 1,343 2,015 2,687 8,061 

185 358.3 1,243 2,485 3,728 4,971 7,456 9,942 29,825 

500 758 3,359 6,717 10,076 13,435 20,152 26,869 80,607 

2,000 3,173 13,435 26,869 40,304 53,738 80,607 10,7476 322,428 

Installed IT 

Power 

[kW] 

UPS 

Ca-

pacity 

[kWh] 

Max Bat price [€/kWh] 

50% 200% 250% 300% 400% 500% 1300% 

50 70.69 73 73 73 73 73 73 73 

185 358.3 73 73 73 73 73 73 73 

500 758 73 73 73 73 73 73 73 

2,000 3,173 73 73 73 73 73 73 73 

 

The potential savings analysis, sets the maximum price of the battery around  

73 €/kWh. In order to approximate this value the electrical profile, is evaluated 

assuming that almost every day, except weekends and holidays, the battery will 

be able to charge and discharge energy up to 6 hours. Analysing the profile it is 

possible to deduce that, approximately, this trading can be done during 220 days 

of the year. During these 220 days, the electrical profile has three different 

increments on the electrical price. These are: 70 days with an increment of 144 €, 
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60 days with an increment of 139 € and 90 days with an increment of 65 €. Notice 

that this assumption implies that all the energy stored, during a cheap period, 

would be demanded, and consequently discharged, in the period with the highest 

price of the day.  

In our simulations not all the energy stored, in a cheaper period, could be 

discharged in an expensive one, as the battery couldn’t be fully discharged before 

the control signal change the UPS operational mode to charge. Additionally, when 

the UPS is storing energy the IT load demand must be satisfied. Thus, the amount 

of energy that can be stored is limited, because through the converter upstream 

of the battery will be flowing the energy going to the battery and to the IT load 

demand. The energy going to the battery will be the difference between the 

nominal power of the converter and the IT demand. Therefore, the IT load is 

limiting the amount of energy that can be stored, making unproductive to some of 

the enhanced energy of the battery. Moreover, even our smart trading algorithm 

is storing energy in the cheapest periods of the day, the discharging process is not 

always done during the expensive period, just when the price is higher than the 

average.  

These facts makes, that in cases with a high IT load demand (HPC profile), the 

maximum battery price found during simulations, is lower than the ones expected 

from the theoretical approach. In contrast, in cases with lower IT load demands 

(WEB profile), the maximum battery prices are higher or close to the ones find 

with the theoretical approach. These results are listed in Table 2.14 and Table 

2.15. Furthermore, in both profiles, it can be noticed how in a certain point, even 

if the battery capacity is increased, due to the converter limitation, not a higher 

savings are achieved. This leads to an increment of the investment cost, without 

an increment of the savings, thus the maximum battery prices starts to decrease. 

Obviously, the nominal power of the converter could be enhanced in order to 

increase the energy flowing through the converter and consequently, increase the 

energy stored in the battery avoiding limitations due to the IT load. This option it’s 

not economically feasible because this approach will require oversizing all the 

components upstream the UPS, increasing notably the investment cost of the 

overall system. Furthermore, these oversized component will be working at lower 

load factors increasing considerable their generations of losses. 
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Table 2.14 Simulation results, maximum battery prices and reduction of cost, achieved in 

the new scenarios (HPC workload) 

HPC 

Installed 

IT Power 

[kW] 

UPS 

Capacity 

[kWh] 

Additional storage [kWh] 

50% 200% 250% 300% 400% 500% 1300% 

50 70.69 12.4 25 27.46 50 75 100 300 

185 358.3 50.87 203.5 254.37 305.25 407 508.75 1,322.75 

500 758 196.5 393 589.5 786 1,179 1,572 4716 

2,000 3,173 634 1,269 1,904 2,539 3,808 5,077 15,232 

Installed 

IT Power 

[kW] 

UPS 

Capacity 

[kWh] 

Reduction costs [€/year] 

50% 200% 250% 300% 400% 500% 1300% 

50 70.69 289 458 554 672 938 1,120 1,252 

185 358.3 1,397 2,835 4,321 5,893 8,910 10,498 8,288 

500 758 2,827 5,759 8,871 11,869 15,234 15,230 9,722 

2,000 3,173 11,719 23,729 36,100 49,254 74,810 88,620 76,583 

Installed 

IT Power 

[kW] 

UPS 

Capacity 

[kWh] 

Max Bat price [€/year] 

50% 200% 250% 300% 400% 500% 1300% 

50 70.69 70 55 45 40 38 34 13 

185 358.3 54 55 56 57 58 51 12 

500 758 43 44 45 45 39 30 6 

2,000 3,173 56 56 57 58 59 52 15 
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Table 2.15 Simulation results, maximum battery prices and reduction of cost, achieved in 

the new scenarios (WEB workload) 

WEB 

Installed 

IT Power 

[kW] 

UPS 

Capacity 

[kWh] 

Additional storage [kWh] 

50% 200% 250% 300% 400% 500% 1300% 

50 70.69 12.4 25 27.46 50 75 100 300 

185 358.3 50.87 203.5 254.37 305.25 407 508.75 1,322.75 

500 758 196.5 393 589.5 786 1,179 1,572 4,716 

2,000 3,173 634 1,269 1,904 2,539 3,808 5,077 15,232 

Installed 

IT Power 

[kW] 

UPS 

Capacity 

[kWh] 

Reduction costs [€/year] 

50% 200% 250% 300% 400% 500% 1300% 

50 70.69 353 476 609 758 1,094 1,418 1,754 

185 358.3 1,850 2,741 3,671 4,685 6,812 8,625 9,931 

500 758 5,075 7,566 10,310 13,199 18,133 19,911 18,314 

2,000 3,173 21,231 31,646 42,584 54,609 79,199 97,124 107,871 

Installed 

IT Power 

[kW] 

UPS 

Capacity 

[kWh] 

Max Bat price [€/year] 

50% 200% 250% 300% 400% 500% 1300% 

50 70.69 85 57 49 46 44 43 18 

185 358.3 104 77 69 66 64 61 23 

500 758 77 58 52 50 46 38 12 

2,000 3,173 100 75 67 65 62 57 21 
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Conclusions 

The results from the study show that nowadays, due to the high battery investment 

cost, the smart trading concept is not economically feasible. Moreover, a 

theoretical approximation over the potential savings of the electrical profiles has 

been performed in order to evaluate which battery price will allow us to achieve 

benefits with the smart trading concept. This second study concludes that with a 

battery price of 73 €/kWh and an accurate smart trading algorithm, reductions on 

the energy bill can be achieved. Finally, with the smart trading algorithm developed 

within the project, the maximum price of the battery is set between 6 - 104 €/kWh 

depending on the scenario analysed. This price could be enhanced if the smart 

trading algorithm is refined with an upper and lower bound that enforce the charge 

and discharge process of the battery, when valley and peak prices are present. 

Additionally, these results can be enhanced if the smart trading algorithm is 

combined with an IT load shifting strategy. 

2.3.4 ENHANCED UPS WITH OVERSIZED POWER CONVERTER FOR REGULATING REACTIVE 

POWER 

In this concept it is proposed to evaluate the capabilities of the UPS to regulate 

reactive power, to avoid the installation of dedicated ancillary equipment for such 

purpose and recognize the more efficient configuration.  

This advanced concept has been studied in four main steps in accordance with the 

results shown in the Table 2.16. First of all, a model of the electrical schematic has 

to be done in order to establish the basic electrical diagram before planning the 

compensation elements. 

After modelling the basic scheme of a Data Centre (Figure 2.27), given by the 

Uptime Institute redundancy levels classification [49], three ways of reactive 

compensation have been tested: capacitor banks, controlling the reactive given by 

the inverter and, lastly, combining the capacitor banks and the control. A brief 

explanation of each strategy is outlined below.  

Two types of Data Centre are going to be simulated: a type where the IT load 

remains as a constant during the time and a web type where the IT load is higher 

during the light hours and lower during the night. IT is noticed that a redundancy 

level IV Data Centre is working in normal conditions with two active power 

distribution lines in parallel instead of the single power distribution line active. 

However, the study of a redundancy level IV Data Centre has been done with some 

extra considerations in the modelling. 
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Figure 2.27 Redundancy level I Data Centre basic electrical schematic considering static 

UPS 

 

Figure 2.28 Redundancy level IV Data Centre electrical schematic considering static UPS 
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Methodology 

Model of a Data Centre without compensation 

Using as a reference the redundancy level classification of the Uptime Institute and 

the deliverable 4.3 of the RenewIT project [6], it can be seen that the electrical 

scheme is somehow decoupled by the DC link of the UPS where only the active 

power can flow through. Consequently, the schematic studied has to include from 

the grid connection of the Data Centre to the DC link of the UPS (uninterruptible 

power supply).  

It can be seen in Figure 2.27 that the diagram contains: a grid connection, a 

transformer, mechanical loads, breaker switches, an AC wire and the grid side 

converter of the UPS with the DC link. 

The backup diesel generator is not considered because the study is planned to 

simulate a normal operation condition where there are not any interruption of 

power supply from the grid. When there is no failure in the grid, the backup 

generator remains inactive. 

The modelling of the breakers became difficult if the transient time of closing or 

opening the device is examined, but the Data Centre is being studied as a day 

without interruptions so the breaker is going to be modelled as a resistor. 

It has been assumed that the mechanical loads are generally motors and pumps 

needed in the cooling system. Induction motors, simulating the chillers, have been 

implemented in the model to provide the power demanded by all the cooling 

system. The number of induction motors is different in each redundancy level of 

Data Centre so it has been considered: one induction motor for redundancy level 

I, three for redundancy level II, four for redundancy level III and five for 

redundancy level IV. 

The AC wire is supposed to have 100 meters length and most of the cable is 

between the transformer and UPS. The transformer and the chillers are usually 

outside the building and the greater part of the cable is connecting the transformer 

with the UPS that is inside the Data Centre. That’s the main reason that allows 

putting the wire impedance between the induction motors (outside the building) 

and the UPS (inside the building). 

While the three first redundancy levels can be designed in a similarly way because 

they operate in normal conditions with only one power line, the last redundancy 

level, redundancy level IV, works with the two power lines active. This means that 

every line is each working with half of the power that arrives to the IT loads, but 

the two branches are designed to carry the whole power if necessary. This design 

leads to a very low load factor and the appearance of several inefficiencies in the 

electrical scheme.  
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Compensation with capacitor bank 

Although, at first, it was proposed placing capacitors at the grid connection. It is 

noticed that the reactive power flows through the utilities as it does when no 

compensation is added. Moreover, the power loss by the capacitors is added to the 

losses in the scheme without compensation, but the power factor increases 

significantly. 

When the capacitor bank is used to compensate the reactive power consumed by 

the inductor motors, the current flowing through the transformer is lower than in 

the first case, thus the power loss is reduced. In terms of efficiency, it is smarter 

to place the bank compensating the reactive power consumed by the induction 

motors rather in the point of coupling with the grid and, that is why, this position 

of the capacitors has been chosen for the study. 

 

Figure 2.29 Basic electrical schematic studied with the different types of compensation 

considered 
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Compensation with reactive control 

In this step, the capacitor bank is removed from the basic electrical schematic 

Figure 2.29 and a reactive control is designed to provide the compensation needed. 

The main difference between this sort of compensation and the use of capacitors 

to compensate the inductor motor is that the reactive power flows through the 

devices from the UPS to the motors. Consequently, the power loss is expected to 

be bigger than the option with the capacitors compensating the motors, but lower 

than placing the capacitors in the connection point of the Data Centre with the 

grid. 

The main objective in this step is evaluate if the power loss is decreased when the 

reactive power is provided by the UPS instead of the main grid. As the 

compensation with capacitor banks, there are two positions where the control can 

be placed: the connection with the main grid or the connection point of the motors. 

Between the two options, the connection point of the motors is chosen because it 

is the one that features the lower power loss. 

Compensation with reactive control and capacitor bank 

Finally, the two ways of compensation before, presented are mixed up in this 

option where capacitors and the reactive control are implemented. The 

fundamental idea was the compensation of reactive power from the induction 

motors with the capacitors and provide the rest of the reactive consumed from the 

UPS rather the main grid. 

While the condenser banks are placed in parallel with the induction motors, in this 

alternative the reactive control is installed at the grid side of the transformer. This 

alternative is thought to be the more efficient, although the one who has the most 

investment cost of installation. 

Results 

Once the different scenarios have been presented (Figure 2.28), the results have 

been summarized in the table below (Table 2.16) where some calculations 

comparing the efficiency between the alternatives have been done.  

The efficiency is calculated dividing the effective power and the active power 

consumed. The effective power is considered as the sum of the IT power flowing 

through the DC link and the active mechanical power done by the induction motors. 

The active power consumed is referred to the power that the Data Centre is taking 

from the main grid, so it is the summation of the IT power flowing through the DC 

link, the cooling power produced by the motors and the power loss in the model. 

The results presented have been obtained fitting an average value of the 

differences between the efficiencies calculated in the simulations. Table 2.16 shows 
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the efficiency gain that appears when one of the reactive compensation 

alternatives is adopted.  

Table 2.16 Efficiency increment calculation for a redundancy level I/II/III/IV Data Centre 

when adopting one of the compensation alternatives studied 

Redundancy level I/ ΔEffi-

ciency [%] 

Bank type Web type 

Capacitor bank 0.5189 0.5723 

Reactive control 0.2684 0.1523 

Capacitor + Control 0.5557 0.5879 

Redundancy level II/ ΔEffi-

ciency [%] 

Bank type Web type 

Capacitor bank 0.2537 0.2557 

Reactive control 0.1860 0.1211 

Capacitor + Control 0.3092 0.2891 

Redundancy level III/ ΔEffi-

ciency [%] 

Bank type Web type 

Capacitor bank 0.1485 0.1205 

Reactive control 0.1197 0.0647 

Capacitor + Control 0.1896 0.1474 

Redundancy level IV/ ΔEffi-

ciency [%] 

Bank type Web type 

Capacitor bank 0.0300 0.0283 

Reactive control 0.0145 0.0014 

Capacitor + Control 0.3381 0.0307 

 

It can be seen in Table 2.15 which alternative improves the efficiency the most of 

the different studied. As the redundancy level grows into a higher configuration, 

the efficiency gap between the compensation options becomes smaller. However, 

as long as the power demand increases with the redundancy level, the power 

savings increases too. 

As an example of simulation results, it can be seen in Figure 2.29 the simulation 

which corresponds to a redundancy level I bank type Data Centre operating in 
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normal conditions during half a day. It is shown that all the options describe nearly 

the same curve but displaced a constant value. This value is the increment of 

efficiency exposed in the Table 2.16. 

 

Figure 2.30 Simulation Results for a half-day redundancy level I HPC type Data Centre 

Table 2.17 Economical balance for purchasing a capacitor bank in each type of Data Centre 

Re-

dun-

dancy 

level 

Load 

type 

Incomes 

Power Savings 

1 year [€] 

Expenditures 

Purchasing 

the capacitor 

banks [€] 

Balance 

(Incomes - Expenditures) 10 

years [€] 

I 

HPC 308.4 218 2,866 

Web 730.1 218 7,083 

II 

HPC 1,127.8 450 10,828 

Web 1,391.1 450 13,461 

III 

HPC 3,884.8 1,198 37,650 

Web 3,858.4 1,198 37,386 

IV 

HPC 14,039.8 6,896 133,502 

Web 20,336.9 6,896 196,473 

 



Advanced concepts and tools for renewable energy supply of IT Data Centres 
RenewIT - Project number: 608679 

 
 

D4.5 Catalogue of advanced technical concepts for Net Zero Energy Data Centres 

Page 82 of 319 

 

Table 2.18 Extra economic benefits of purchasing a reactive control and the total balance 

with the capacitor bank benefits (NC: not considered; NW: not worth) 

 

Re-

dun-

dancy 

level 

Load 

type 

Extra  

Incomes 

Extra Expenditures Balance 

 

Total  

 

Power  

Savings 

1 year [€] 

Purchas-

ing the 

control 

loop [€] 

Oversizing the In-

verter 

[100 €/Kvar] 

(Incomes 

 - Expendi-

tures) 10 

years [€] 

Balance 

[€] 

I 
HPC 90.0 NC 100 (1 kVA) 800 3,666 

Web 74.7 NC 100 (1 kVA) 647 7,730 

II 
HPC 500.6 NC 800 (8 kVA) 4,206 15,034 

Web 375.5 NC 800 (8 kVA) 2,955 16,416 

III 

HPC 1,362.9 NC 2,300 (23 kVA) 11,329 48,979 

Web 9,21.4 NC 2,300 (23 kVA) 6,914 44,300 

IV 

HPC 1,341.4 NC 17,000 (85 kVA *2) -3,586 NW 

Web 859.6 NC 17,000 (85 kVA *2) -8,404 NW 

Conclusions 

It can be seen in Table 2.16 that placing an appropriate capacitor bank leads to 

have huge benefits. The cost of installation of the capacitor bank has not been 

considered since the main expenditure is purchasing these capacitors. 

Furthermore, the payback of this investment is less than a year as the main 

expenditure, purchasing the condensers, are recovered with the first year of 

benefits. 

Although, in Table 2.17 the balance of changing the condenser bank option for the 

reactive control combined with the capacitors is shown. The implementation of the 

control loop in the system requires some measurement points in the electrical 

scheme and this installation comes with extra costs. The main expenditure of 

oversizing the inverter is 100 €/Kvar where price has been derived from 

manufacturers. In this case, the payback of the investment cost of oversizing the 

inverter changes from 1 to 2 years. Despite of this, the balance in 10 years time 

reveals that several benefits are earned when changing the reactive compensation 

system. 

Concluding, it is worth to implement the reactive control over the capacitor bank 

for Data Centres from redundancy level I to III. However, redundancy level IV 

does not offer economic benefits as long as this Data Centre has to be designed to 
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operate with only one power distribution while it is normally working with two 

power lines in half load factor. 

2.3.5 GENERAL CONCLUSIONS 

Four electrical advanced concepts have been analysed: 

- Bypassed UPS 

- Modular UPS 

- Enhanced UPS for Electric Energy Storage (EES) 

- Enhanced UPS with oversized power converter for regulating reactive power 

For modular UPS the increment of the efficiency of the UPS has calculated in 

function of the increment of the UPS load factor, as is shown in Figure 2.31. This 

advance concept have been analysed in two scenarios: scenario 1 for IT capacity 

lower than 400 kW and scenario 2 for IT capacity higher than 400 kW, where both 

scenarios have been tested with a HPC and WEB profile. The equations have been 

derived for each of the scenarios and profiles and are shown in Table 2.4. 

 

Figure 2.31 Increment of the UPS efficiency in function of the increment of the load factor, 

for each scenario and profile tested during the modular advance electrical concept 

For bypass UPS the increment of the efficiency of the UPS has calculated in function 

of the UPS load factor, as is shown in Figure 2.32. The bypassed UPS considers 

different scenarios: WEB and HPC IT load profile and with redundancy and no 

redundancy in the electrical scheme. In each scenario the installed IT power varies 

from 50 to 3000 kW. The equations have been derived for each of the scenarios 

and profiles and are shown in Table 2.9. 
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Figure 2.32 Increment of the UPS efficiency in function of the load factor, for each scenario 

with 75% of annual hours with an adequate grid power quality 

For enhanced UPS an algorithm has been implemented in different Data Centre 

configurations. With the actual 2nd hand UPS batteries price (150 €/kWh) there is 

no option to get benefits of the implementation of electrical energy storage. 

However, using the electrical tariff for industrial consumers in Spain (tariff 6.1A) 

the maximum price to get back the investment has been calculated using 

theoretical and simulation approaches. This price is around 30-104 €/kWh 

depending on the scenario. The Figure 2.33, below, shows how the theoretical 

approach sets the maximum battery price in a constant price of 73 €/kWh. In 

contrast, in simulation approaches, the maximum battery price found varies with 

the increment of the UPS capacity done. This is due to the converter nominal power 

limitation, which just allows charge the UPS batteries with the power difference 

between the load demand and the converter nominal power. As a result, up a 

certain point, even if the UPS capacity is increased, this is not used, increasing the 

investment cost without achieved higher savings then the maximum battery prices 

decreases. These phenomena could not be taken into account in the theoretical 

approach. Thus, the maximum battery prices found are a constant value. These 

approaches have been analysed in different scenarios where the installed IT power 

and the additional UPS storage varies, from 50 to 2000 kW and from 50% to  

1300%, respectively. 
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Figure 2.33 Comparative on the maximum battery price found between theoretical and 

simulation approaches 

Moreover, this advance electrical concept is already implemented in TRNSYS 

simulations (WP5) and will be implemented in the RenewIT tool (WP6) in a meta- 

model format. 

For the enhanced UPS converter to control reactive power, different options, 

installing capacitors and developing a reactive control or both simultaneously, to 

compensate the reactive power have been analysed. The increments, on the Data 

Centre efficiency achieved with the different options are depicted in Figure 2.29, 

above. It can be seen from the analysis, the implementation of capacitors and the 

reactive control is the option that increases the Data Centre efficiency, in a 0.58% 

approximately. The concept have been analysed in different scenarios where the 

Data Centre electrical configuration (redundancy level) is modified, from I to IV, 

and different IT load profiles are used, WEB and HPC. 

Moreover, as the higher increment on efficiency achieved is a low value, an 

economic analysis is performed, in order to deeply analyse the potential of this 

concept. This economic analysis is performed in a 10 years scenario, where the 

benefits achieved varies from 7,730 to 44,300 € depending on the scenario, as can 

be seen in Table 2.17. The payback period of the options commented varies from 

1 to 2 years, where should be noticed that the cost of the reactive control and 

installation of capacitors are not considered. Concluding, it is worth to implement 

the reactive control over the capacitor bank for Data Centres from redundancy 

level I to III. However, redundancy level IV does not offer economic benefits as 

each line must be able to satisfy the entire load demand of the building. Therefore, 

the investment costs for oversize the converter increases notably and the incomes 

achieved by the concept won’t be enough to pay this oversizing. 
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2.4 ADVANCED TECHNICAL CONCEPTS FOR LOW-EX CLIMATE CONTROL AND 

COOLING DISTRIBUTION 

The objective of this section is to describe energy efficiency strategies and 

advanced technical concepts for Low-Ex climate control with the aim of increasing 

the return temperature and the temperature difference between the air/water inlet 

and outlet. Proposed concepts are currently applicable best practices and novel 

concepts, which can improve supply and distribution of cooling in Data Centres. A 

quantification of the energetic savings and estimated payback period according to 

DEERNS experience is presented for each of the concepts which are: 

1. Free cooling 

2. Increasing the maximum allowable temperatures for IT equipment 

3. Hot or cold aisle containment 

4. Variable air flow 

5. Partial loads, component oversizing and using redundant components  

6. Use of high energy efficiency components 

2.4.1 FREE COOLING 

Free cooling is a cooling design principle, which covers a wide-spread implemen-

tation of cooling from natural resources. Free-cooling technologies can be roughly 

divided into the following1: 

 Airside free cooling: Makes use of outside air for cooling Data Centres 

o Direct airside free cooling: Drawing the cold outside air directly into 

the Data Centre (probably mixing with return air) 

o Indirect airside free cooling: Operating through air-to-air heat 

exchangers 

 Waterside free cooling: Utilises natural cold source through a chilled water 

infrastructure (air, ground, river, sea, etc.) 

o Direct water-cooled system: Natural cold water is used to cool the 

Data Centre. A coolant transfers heat to the seawater (river, ground) 

through a heat exchanger. 

o Air-cooled system: An air cooler (dry cooler) is used to cool the chilled 

water circulating through CRAHs when the wet-bulb temperature of 

the outside air is low enough. 

                                       

1 For more information about free cooling see Annex A. 
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o Cooling tower system: A cooling tower is used to cool the chilled water 

circulating through CRAHs and heat exchangers. Two water loops are 

needed, a cooling (external) water loop and a chilled (internal) water 

loop. 

The possibilities of free cooling depend on climatological and geographical aspects. 

Therefore, the location of the Data Centre defines the possibilities of applying free 

cooling. A direct air free cooling system has the following modes of operation: 

 Low outside air temperatures: Cooling can solely be done with outside air. 

 Higher outside temperatures: Evaporative cooling can be used. 

 Peak/extreme outside temperatures: Chiller units need to be applied. 

The need for and the amount of evaporative and chiller units depend on the 

geographic location. At warm regions, both types of cooling are necessary while at 

colder regions, low temperature outside air and evaporative cooling might be 

sufficient. However, the relative humidity of outside air determines the applicability 

of evaporative cooling. 

Table 2.19 shows the annual hours which are suitable for direct air free cooling at 

different locations around Europe. As can be seen from the Table, the number of 

hours depend on the Data Centre operational parameters (inlet air temperature to 

the IT room, also see next section). 

Table 2.19 Hours of direct air free-cooling for different locations depending on the 

requested air supply temperature 

 Data Centre air supply temperature 

Location 18 ºC 20 ºC 22 ºC 24 ºC 26 ºC 

Barcelona (Spain) 4,776 4,918 5,014 5,016 5,072 

Chemnitz (Germany) 6,401 6,533 6,612 6,639 6,649 

Luleå (Sweden) 7,537 7,651 7,677 7,685 7,685 

 

As an example, Figure 2.34 shows the estimated reduction of energy required for 

cooling which can be reached by applying free cooling at Barcelona. Please be 

aware that the tool [51] used for obtaining the data assumes hot aisle containment 

for the case of airside free cooling, but no aisle containment for the case of 

waterside free cooling. Thus, comparability of these two different concepts is 

limited.  
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Figure 2.34 Reduction of energy demand for cooling due to free cooling in Barcelona [51] 

Additionally, a constant chilled water set point of 7.2 °C is assumed for waterside 

free cooling which limits the number of free cooling hours significantly. In practice, 

higher values are possible especially if the air supply temperature is allowed to 

exceed 18 °C. 

However, it is obvious from Figure 2.34 that free cooling saves a considerable 

amount of energy compared to cooling by means of chillers even at the relatively 

warm location of Barcelona. 

Due to applying free cooling, the PUE may generally decrease from approximately 

1.8 to approximately 1.2. This results in 75% electrical savings for the mechanical 

installations, which implies a saving of 33% of the Data Centre’s total energy 

demand. The payback period depends on the type of free-cooling technology, but 

should normally be 1-3 years. 

2.4.2 INCREASING ALLOWABLE IT TEMPERATURES 

Increasing the allowable IT temperatures directly influences the allowable white 

space temperature. An increased white space temperature leads to improved 

energy efficiency for any type of cooling concept if proper measures are taken. The 

degree of effect on the energy efficiency e.g. depends on the type of cooling 

installation which can be air or water cooling. 
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Increased white space temperature with airside cooling 

Increasing the IT room supply temperature has been suggested as the easiest and 

most direct way to save energy in Data Centres. However, just implementing a 

higher inlet air temperature while still relying solely on mechanical cooling2 may 

not improve the efficiency of the cooling system. Alternatively, when using air free 

cooling, raising the maximum allowable white space temperature allows for more 

annual hours and therefore less hours of additional cooling by the chiller units. 

This results in a reduction of the energy demand. In some cases, this may even 

result in not needing to install chiller units. By raising the maximum allowable 

white space temperature, evaporative cooling may be sufficient to deliver the 

required cooling for those “peak” summer conditions. On the other hand, at cold 

regions, raising the allowable white space temperature may even lead to not 

needing to apply evaporative cooling anymore. 

Moreover, not needing a chiller installation will also affect PUE values: 

 Lower annual PUE results from using more free cooling 

 Lower peak PUE because no chillers are operating 

The lower peak PUE also affects the required capacity of the UPS system, which 

can be reduced. Therefore, the annual energy losses of the UPS system are 

reduced leading to an additional increase of energy efficiency. 

The impact of raising the maximum allowable white space temperature in 

reference to the number of annual hours of available free cooling is illustrated in 

Figure 2.35. The share of free-cooling hours in the total annular number of hours 

is shown for different locations (Barcelona, Chemnitz, Luleå) and types of airside 

free cooling (direct, indirect and indirect with evaporative cooling). 

The start investment cost (CAPEX) depends on the location and the increase of 

allowable white space temperature, as is shown in Figure 2.35. Significant cost 

reduction might be reached when chillers become expendable. Otherwise, 

implementing free cooling will not cause significant investment cost reduction. 

Regarding the operational costs (OPEX), aspects on the EER of the air-cooling units 

are given in Annex A. However, a complete analysis of PUE and operational costs 

has to consider e.g. climate/geographical location and Data Centre allowable 

temperatures. 

                                       
2 The term “mechanical cooling” refers to cooling with chiller operation. 
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Figure 2.35 Hours of free cooling for different locations and concepts of airside free cooling 

Increased white space temperature with chilled water cooling 

When raising the allowable white space temperature, the energy usage with chilled 

water cooling systems will significantly decrease due to the following reasons: 

 More waterside free cooling can be applied annually. 

 The chillers operate more energy efficient. 

The increased number of annual hours of waterside free cooling is directly related 

to raising the allowable white space temperature. The main reason is that the set 

point of chilled water supply temperature can be raised. This results in an increase 

of free cooling for all waterside concepts.  

Notice that raising the chilled water supply temperature also leads to a decrease 

in annual energy usage of the chillers. The chillers operate in a more energy 

efficient way with higher chilled water temperatures (see Figure 2.36). 

A point which has to be respected is the maximum allowable chilled water 

temperature, which depends on the type of chiller. Following ASHRAE and chiller 

manufacturer recommendations, the maximum chilled water temperature is 

approximately 16 °C. However, the chilled water supply temperature for the Data 

Centre can be higher than the allowable chilled water temperature of the chiller. 

This can be achieved by letting the chilled water partly bypass the chiller. The 

warm return chilled water is mixed with the cold chilled water from the chillers in 

order to achieve the required higher chilled water supply temperature.  

In conclusion, raising the allowable white space temperature significantly reduces 

the energy usage for cooling due to more hours of free cooling and more efficient 

chiller usage. 
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Figure 2.36 Coefficients-of-performance of chillers with condenser water temperature of 

30-36 °C and variable chilled water temperatures [52] 

However, the CRAH units or other type of local cooling equipment do not 

experience any reduction in energy usage due to the higher allowable Data Centre 

temperature. Since the required cooling capacity and the temperature difference 

between air inlet and outlet remain the same, the airflow of the CRAH units and 

thus their energy demand is constant. 

Increasing the Delta T through the IT equipment 

Increasing the Delta T (air temperature difference between inlet and outlet) 

through the IT equipment directly reduces the required airflow rate through the 

white space. As an example, Figure 2.37 shows the required air volume flow for a 

120 kW Data Centre in function of the allowed Delta T through the IT equipment. 

Notice that increasing the Delta T by 5 K results in an airflow reduction of more 

than 30% with the associated energy reduction in the fans. 

Moreover, this strategy allows raising the chilled water return temperature. 

Assuming that the chilled water supply temperature remains the same, the water 

outlet temperature from the cooling coil (water-air heat exchanger) increases due 

to a higher air-side Delta T. This results in a reduction of the required chilled water 

flow. The benefit of a reduced chilled water flow is that smaller size chilled water 

pipework can be used. Another option is not to resize the pipework, but use a lower 

chilled water velocity and lower pressure drop in the chilled water distribution 

system, which has a positive effect on the required pump energy. 
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Figure 2.37 Air volume flow required for a standard Data Centre of 120 kW IT power 

Generally, energy savings depend on the allowable increase of IT temperature. 

Assuming that the air supply temperature can be increased from 18 °C to 24 °C, 

the PUE may decrease by approximately 0.2. This will result in 25% electrical 

savings for the mechanical installations, which implies a saving of 10% in the total 

energy demand of the Data Centre. The payback period of this concept will be less 

than one year, since no extra investments but only modifications in control 

systems and a different selection of components are required. 

2.4.3 HOT OR COLD AISLE CONTAINMENT 

The objective of alternating aisles containments (Figure 2.38) is to separate the 

source of cooling air from hot air discharge, preventing the cold supply air and hot 

return air from mixing [53]. Therefore, this strategy can improve predictability and 

efficiency of traditional cooling systems. 

 

 

Figure 2.38 Cold and hot aisle containment configuration [54] 

Cold aisles are defined as having perforated floor tiles that allow cooling air to 

come up from the plenum under the raised floor. The cooling air is distributed to 
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and through the IT racks/equipment, and is exhausted from the back of the 

equipment rack to the adjacent hot aisles. On the other hand, hot aisles do not 

have perforated tiles. These would mix hot and cold air and thereby lower the 

temperature of the air returning to the cooling units, which reduces their usable 

capacity [53]. While hot aisle containment is the preferred solution in all new 

installations and many retrofit raised floor installations, it may be difficult or 

expensive to implement due to low headroom or no accessible dropped ceiling 

plenum. Cold aisle containment, although not optimal, may be the best feasible 

option in these cases [54]. In any case, it is essential to separate completely the 

cold supply air and the warm return air. This way, no temperature mixture takes 

place and the cooling can be supplied directly to the heat sources (namely the IT 

racks).  

However, it is a common phenomenon with cold and hot aisle containments that 

the cold air is short-circuiting back to the cooling units (called bypass airflow). This 

results in only partial usage of the available supplied cooling air. Bypass airflow 

occurs through unsealed cable cut-out openings and miss-located perforated tiles 

[55]. Thus, important points related to aisle containments are: 

 Blanking panels should be put in unused rack unit positions in equipment 

cabinets in order to avoid mixing of hot and cold air. 

 Unused cabinet/rack positions in equipment rows should be filled with a 

cabinet/rack or otherwise sealed in order to prevent mixing of air in hot and 

cold aisles. 

 All cable, duct and other penetrations should be airtight. 

 Equipment should match the airflow design for the enclosures and white 

space in which they are placed. 

Both hot aisle and cold aisle containment provide significant energy savings 

compared to traditional uncontained configurations. Niemann et al. [54] analysed 

and quantified the energy consumption of both containment methods and 

concluded that hot aisle containment can provide 43% cooling system energy 

savings over cold-aisle containment mainly due to increased free-cooling hours. 

They also highlighted that new Data Centres designs should always use or 

provision for hot aisle containment. 

Generally, aisle containment is estimated to save between 10 and 20% of the 

cooling system energy, which implies a total saving of 5-10% of the Data Centres 

total energy demand. Payback period is approximately 5 years for the perforated 

floor and aisle containments. 
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2.4.4 VARIABLE AIR FLOW 

The common practice in air-cooled Data Centres is to supply a constant air volume, 

based on the maximum design-cooling load. This is a robust system without 

complex control systems. The disadvantage of a constant air volume system is the 

energy usage: Throughout the year, all fans are 100% in operation and require 

the energy for maximum air recirculation. When the actual heat load is much lower 

than designed, it may be possible to put a number of units out of operation, but 

that has to be done ‘manually’ via the building management system (BMS) or on 

the data floor. 

However, the maximum cooling load on which the design is based will never be 

reached due to the following reasons: 

 The data hall/white space may only be partially filled with racks. 

 The designed IT power/cooling load is considered as a maximum – in reality, 

the ‘maximum’ IT rack power will always be lower than designed. 

 The IT power might fluctuate during time (depending on the usage of the IT 

equipment in the racks). 

Therefore, the best practise is using variable airflow cooling units. A variable 

airflow system is based on the actually required cooling, not on the maximum 

required cooling. Thus, the airflow can be adjusted to the required cooling load. 

Reducing the airflow implies reduced pressure drop inside the ventilation units. 

Consequently, running in partial operation gives a significant reduction in the 

energy usage. 

There are different approaches to run a variable airflow strategy: pressure 

difference, actual IT load and return air temperature. 

Strategy A: Pressure difference 

The best and most efficient way for achieving variable airflow is creating a pressure 

difference between the aisle containment and the data hall where the server racks 

are situated [56]. In order to achieve this pressure difference (about 10 Pa), the 

aisle containment has to be airtight. If not, no pressure difference will occur and 

it will be impossible to control the variable volume system.  

In this system, each server controls its required amount of airflow. Each server 

has one or more integrated fans, which adjust the airflow to the actual power 

usage of the server. If the power usage of a server decreases, the integrated fans 

consequently operate on lower speed. This results in a slightly altered pressure 

difference of the aisle containment and the data hall, leading to reduction of the 

cooling supply air from the air cooling system (and vice versa). 
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The advantage of controlling the variable airflow system with pressure difference 

is that it is performed independently of the temperature difference over the IT 

racks. This way, each rack can have its own specific air temperature difference, 

“customised” for that type of server. Therefore, the pressure difference between 

the aisle containment and the data hall always represents the actual cooling 

demand. 

Strategy B: Actual IT load 

The second way to control the variable airflow is by using the actual IT load. This 

has to be measured per aisle containment. The variable flow is then based on the 

aisle containment with the highest power density. This system is somewhat less 

optimal, but also less demanding in regard to the airtightness of the server racks 

and patch panels. With this method, each aisle receives the airflow that is supplied 

to the aisle with the highest IT load. 

The main disadvantage of controlling the variable flow based on the measured IT 

load is that this system does not control on the actual required amount of cooling 

air, but on the average loads and temperatures. Consequently, the supplied cooling 

air should always be more than the actual required cooling air and there might be 

a higher risk of hotspots. 

Strategy C: Return air temperature 

A more straightforward, but less efficient way of controlling a variable airflow 

system is based on the return air temperature to each air-cooling unit. With this 

control system, the return temperature consists of a mixture of the return 

temperatures of all different IT racks. However, the maximum allowable return air 

temperature varies per IT rack. Therefore, the IT rack with the lowest allowable 

return air temperature determines the maximum allowable return air temperature 

to the air cooling units. As a result, the supplied cooling air will always be much 

more than the actually required cooling air and there may be a higher risk of 

hotspots. 

As mentioned before, a variable airflow system is based on the actually required 

cooling, not on the maximum required cooling. Thus, the airflow can be adjusted 

to the required cooling load leading to reduce pressure drops in the ventilation 

units. Additionally, a higher air Delta T is reached which implicates the possibility 

for higher chilled water Delta T and thus reduced water volume flow rates as well. 

Consequently, running in partial operation gives a significant reduction of energy 

usage. However, an important point with variable flow air cooling units is that the 

partial load is limited since CRAH units have a minimum partial load of 

approximately 40%. Lower airflows will result in insufficient pressure and cooling 

capacity. 



Advanced concepts and tools for renewable energy supply of IT Data Centres 
RenewIT - Project number: 608679 

 
 

D4.5 Catalogue of advanced technical concepts for Net Zero Energy Data Centres 

Page 96 of 319 

 

The energy usage of fans and pumps3 decreases significantly when their speed is 

reduced. For the case of a fan, the required power depends on the airflow, the 

pressure drop and the fan efficiency. It can be calculated as follows: 

𝑃𝑓𝑎𝑛 =
�̇� ∙ 𝛥𝑝

η𝑓𝑎𝑛

  

Where: 

Pfan = fan power consumption [W] 

�̇� = air flow    [m3/s] 

Δp = pressure drop  [Pa] 

fan = fan efficiency  [%] 

A reduction of the required airflow results in a reduction of the required fan power 

as both �̇� and Δp are reduced in the equation. Since the airflow has a linear relation 

to the air speed and the pressure drop has a 2nd power relation to the air speed, 

theoretically the energy demand of the fan decreases by the 3rd power. This 

relation is shown by the following equation: 

𝑃𝑓𝑎𝑛,1

𝑃𝑓𝑎𝑛,2
∼

∆𝑝1
2

∆𝑝2
2 ∼

�̇�1
3

�̇�2
3
 

(6) 

However, the efficiency is not constant but varies in function of the fan load. It has 

a maximum value at the ideal working point and decreases in any other situation. 

Thus, a dynamic study for each case has to be done, taking into account the 

working parameters of the specific fan. Therefore, at high-level design with 

variable flows from 50-100%, the reduction of the required fan power is 

approximately to the power of 2.5 instead of the 3rd power. 

Figure 2.39 shows an example of fan power consumption in function of its volume 

flow ratio. For example, when the velocity of the fan is reduced by 25%, fan power 

consumption decreases to about 50%. Please notice that these numbers are just 

given to understand the phenomenon and should be recalculated for specific fans. 

As far as pumps are concerned, it has to be noticed that the reduction of the 

pressure drop depends on the hydraulic system of the pump. This may result in 

 

                                       
3 The flow through evaporator and condenser of a chiller may not be reduced too much in 

order to prevent the heat transfer from dropping. Reduced water flow is especially inter-

esting for the chilled water distribution circuit. 
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Figure 2.39 Power consumption of a 15 kW fan in function of the airflow ratio 

less energy reduction, as control valves may require a constant pressure drop. In 

that case, this has to be corrected in regard to the energy reduction. 

Assuming the average IT load of a Data Centre to be 50–75% of the design load, 

applying variable flow will result in approximately 15–20% electrical savings for 

the total mechanical installations, which implies a saving of 8–10% of the total 

energy demand. The payback period is estimated to be approximately 5-7 years 

for control systems and air-tight containments. 

2.4.5 PARTIAL LOAD - REDUNDANT OR OVERSIZED COMPONENTS 

When using components in partial load, logically the energy usage will decrease. 

This applies to all components such as fans, pumps and chillers. Moreover, an 

increase of energy efficiency can also be achieved. However, this depends 

completely on the specifications of the different components and on the percentage 

of partial load. Especially with chillers, partial load has positive effects on the 

efficiency. In this section, first it is described how to achieve partial load operation 

and why it might be beneficial to use redundant and/or oversized components. 

Then, the effect of partial loads for different mechanical components is discussed. 

Redundant components and oversizing components 

The components of the cooling installation in a Data Centre can operate in partial 

load due to the following reasons: 

 Data Centre operates in partial load. The actual IT power is usually (much) 

less than the contracted/designed IT power. 

 Using redundant components: Most Data Centre installations consist of 

redundant components (for service/maintenance and fail-safe purposes). 
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When all components are used – including the redundant components – the 

installation runs in partial load (e.g. with an N+1 configuration, when N = 

4, all components can operate at 80% of their full load). 

 Oversizing components for more efficiency. Oversizing the capacity of 

components makes it possible to run on partial load, even when no 

redundant units are available (Data Centre with N-configuration). 

The effect of the partial load on the energy efficiency depends on the installation 

component. Therefore, the effect of partial load on common used components for 

cooling installations of Data Centres is discussed first for chillers and then for fans 

and pumps.  

Partial load with chillers 

It is well known that most chillers operate more efficiently in partial load using 

variable speed compressors and pumps, resulting in a reduced (variable) water 

and refrigerant flow. This is illustrated with four types of chillers: high efficiency 

centrifugal compressors (Figure 2.40), centrifugal compressors (Figure 2.41), 

screw compressors (Figure 2.42) and scroll compressors (Figure 2.43). For each 

type of chiller, a full load and 50% partial load curve is shown. For each chiller, 

the 50% load operation is more efficient than the operation at 100% load4. 

Notice that the characteristics of partial load differ per type and design of the 

chillers, so these are just examples to illustrate the benefit of partial load on the 

energy efficiency. In addition, the performance of the chillers with partial load is 

limited. Minimal partial loads are e.g. approximately 15-25% depending on the 

type of chiller. Concerning the energy efficiency, an optimum exists at a certain 

partial load. Below this, the energy efficiency starts to decrease again. 

                                       
4 Cooling water temperature was 30-36 °C for 100% and 30-33 °C for 50% [47]. 
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Figure 2.40 COP of a high efficiency 

centrifugal chiller at 50% and 100% 

cooling load [52] 

Figure 2.41 COP of a centrifugal chiller with 

at 50% and 100% cooling load [52] 

  

Figure 2.42 COP of a screw compressor 

chiller at 50% and 100% cooling load [52] 

Figure 2.43 COP of a scroll compressor 

chiller at 50% and 100% cooling load [52] 

Variable flow with fans and pumps 

As mentioned before, the energy usage of fans and pumps decreases significantly 

when operating in partial load. For variable flows between 50 and 100%, the power 

demand of fans and pumps approximately decreases by the power of 2.5 with 

reduced flow. However, splitting a constant water or airflow between several 

pumps or fans (redundant components) only reduces the total energy demand if 

the efficiency of each component is higher for the reduced flow than for design 

flow.  
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Oversizing dry coolers and cooling towers 

Dry coolers or wet cooling towers are commonly used for rejection of waste heat 

from water-cooled chillers. An oversized dry cooler or cooling tower is able to 

generate free cooling at higher outside air temperatures. This is because the 

approach between the outside temperature and the cooling water supply 

temperature from the cooler decreases with an oversized cooler. Thus, the annual 

amount of free cooling increases when using oversized coolers.  

Energy savings and payback periods 

Generally, energy demand reductions of 20-40% will be achievable for most 

components when operating in partial load. This results in a total electrical saving 

of 10-20% for the mechanical installations, which implies a saving of 6-12% 

related to the Data Centre’s total energy demand. Payback period is less than one 

year when redundant components are used since that does not require extra 

investments. Oversizing components leads to extra investments; in this case the 

typical payback period will be 7-10 years. 

2.4.6 HIGH ENERGY EFFICIENCY COMPONENTS 

Fans and pumps 

Energy efficiency can be increased by selecting components that are specifically 

designed for the cooling specifications of the white space. Examples of these are 

distribution components such as: 

 High efficiency, direct driven and variable speed fans for the CRAH units 

 High efficiency, variable speed pumps 

Therefore, the energy efficiency of these components should not only be assessed 

at 100% load, but also on partial loads (i.e. 25%, 50% and 75% load). The 

improvement of the energy efficiency may lead to energy reductions for fans and 

pumps varying from 10 to 30%. 

Air-cooled chillers 

A free cooling option can be incorporated in an air-cooled chiller, although this is 

very limited. Only at very low outside temperatures it is possible to generate the 

required chilled water without using compression cooling. This can be optimised 

by using advanced high-tech free-cooling chillers. These types of chillers have an 

optimised free-cooling module using bypass piping, a dedicated pump for free 

cooling and a high-efficient heat exchanger. In addition, high-efficient compressors 

(with magnetic bearings, using variable speed permanent magnet) are used. This 

results in an improvement of the energy efficiency of the chiller: 
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 Significantly more annual hours of free cooling are available. Normally, the 

temperature difference between the outside temperature and the chilled 

water temperature is 8-10 K while with the high efficiency chiller this can 

be reduced to 2-3 K according to quotations and technical specifications 

from APAC air conditioning). 

 At free cooling mode, the EER will be approximately twice as high (50% 

reduction of energy usage) compared at the same outside temperatures. 

 At ‘standard’ compression cooling operation, the efficiency is also higher 

(approximately 25% higher EER). 

However, the cost of these high-tech free-cooling chillers is significantly higher 

than the “standard” air-cooled chillers. As an example, chillers with a cooling 

capacity of 250 kW and a chilled water supply temperature of 16 °C are compared5: 

 Standard free cooling air-cooled chiller   ~  150 €/kW 

 High-efficiency free cooling air-cooled chiller  ~  250 €/kW 

Therefore, the economic feasibility has to be studied before implementing such 

systems in the infrastructure. 

Water-cooled chillers 

Water-cooled chillers are available as high-efficiency performance chillers as well. 

This is also achieved by using magnetic bearing technology with variable speed 

drives. An example of this is a comparison of a standard and a highly efficient 

chiller, as is shown in Figure 2.44. The improvement of the efficiency of the high-

efficiency chiller depends on various items, such as: 

 Condenser water inlet temperature 

 Chilled water inlet temperature 

 Partial load 

This results in an EER being 5-50% higher than with the standard centrifugal 

chiller. However, the costs of the high-tech centrifugal chillers are also significantly 

higher than the standard chillers. The estimated costs6 of different water-cooled 

chillers are as follows: 

 Scroll-compressor, cooling approx. 250 kW   ~  125 €/kW 

 Screw-compressor, cooling approx. 500 kW   ~  120 €/kW 

 Centrifugal-compressor, cooling approx. 2500 kW  ~  100 €/kW 

                                       
5 Based on quotations from Carrier and APAC Air-conditioning. 

6 Based on quotations from different suppliers, mainly from York (Johnson Control). 
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 High efficiency centrifugal, cooling approx. 1250 kW ~  125 €/kW 

Therefore, as in the previous subchapter, the economic feasibility has to be studied 

before the implementation of such systems in the infrastructure. 

 

Figure 2.44 Comparison of a “standard” and a high efficiency centrifugal chiller with 

variable condenser water inlet temperatures [52] 

Generally, the impact of using highly efficient components depends on the type of 

component. Normally an energy saving of 15-25% can be achieved for a number 

of components. This has a total impact on the electrical savings for the mechanical 

installations of approximately 10% leading to savings in the total energy demand 

of about 5%. High energy efficiency components will lead to extra investments 

with payback periods being 10 years or less. 
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3 ADVANCED TECHNICAL CONCEPTS FOR 

POWER AND COOLING SUPPLY 

The objective of this chapter is to propose advanced technical concepts for the 

efficient supply of power and cooling to Data Centres and to study the feasibility 

of the concepts independent of the geographical locations and the Data Centre 

sizes using the TRNSYS software [44].  

At first, four scenarios of Data Centres defining sizes and redundancy levels are 

presented. Advanced technical concepts are assigned to these scenarios in order 

to cover a wide range of Data Centre types. A brief description of each concept 

concepts including thermal7 and electric schemes along with the main components 

is presented. In the second part of this chapter, the analysis of the concepts with 

TRNSYS simulations is presented.   

3.1 DATA CENTRE SCENARIOS 

In order to develop and evaluate concepts for Data Centre power and cooling 

supply, some information are required which can be seen as boundary conditions 

for the supply system. This information is mainly the Data Centre size and the 

redundancy level. The size in terms of IT power defines for example if certain 

technologies for power generation are feasible or not while the redundancy level 

influences the design and the cost of the supply concept. 

Data Centres can be categorised according to different parameters as for example 

size, localisation and type of facility. Figure 3.1 shows an overview on the main 

archetypes that exist in the market. More information on Data Centre archetypes 

is available in [4]. The project consortium has chosen four different configurations 

from Figure 3.1, which represent the Data Centre market in a simplified way. These 

basic configurations, which are referred to as “scenarios” in the present 

deliverable, are mainly characterised by the following information: 

 Data Centre size range, given as IT capacity 

 Localisation, i.e. in-house or dedicated building (generally, urban locations 

are assumed due to the project’s background being the Smart Cities 

framework) 

                                       
7 More detailed hydraulic schemes of the subsystems as well as information about their 

control, requirements and costs can be found in annex A. The schemes are simplified and 

do not consider safety equipment and other parts which are required in practice. 
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 redundancy level according to Uptime Institute, representing the function of 

the Data Centre (redundancy level 3 level represents a business critical 

enterprise Data Centre, for instance) 

However, the geographical location (e.g. South Europe) is not defined in the 

scenario but is assumed separately for each proposed concept according to the 

considered technologies.  

The chosen characteristics of the four scenarios are given in Table 3.1, which also 

names case studies being part of the project (see deliverable 7.1) as examples for 

the defined scenarios. Particular size and redundancy level values are required for 

designing the supply concepts and thus given in the last row of the table. 

 

Figure 3.1 Data Centre archetypes 

As far as the redundancy level is concerned, the following assumptions are made 

for the concepts according to Uptime Institute definitions [49]: 

 Redundancy level I: No redundancy or backup 

 Redundancy level II: Backup for power and cooling generation (capacity 

components; e.g. N+1 chillers); backup heat generator for thermally-driven 

chillers 

 Redundancy level III: N+1 redundancy for power and cooling supply, 

multiple independent distribution paths 
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Another main characteristic of Data Centres is the type of cooling system: Most 

Data Centres are completely air-cooled, but some apply direct liquid cooling (see 

D4.1, D4.2 and D7.1) which can be advantageous in terms of energy efficiency 

and heat reuse. Thus, the majority of the proposed concepts deal with air-cooled 

Data Centres while only one of them is based on liquid-cooled servers (non-

immersive).  

Table 3.1 Data Centre scenarios 

 Scenario 1 Scenario 2 Scenario 3 Scenario 4 

Type of  

facility 

(example)  

server room very small  

enterprise  

Data Centre 

small enterprise 

Data Centre 

cloud  

Data Centre 

Localisation in house in house building for the Data Centre in a build 

environment 

Size (PIT) <50 kW 50–250 kW 250–1000 kW 2000–10000 kW 

Redundancy 

level 

I I–II II–III III 

Case study 

examples 

(for details 

see D7.1) 

Agora Riuniti of 

Ancona Hospital 

CHIC, UPC, Bank 

in the Northwest 

of Europe 

UMCG, Media Pro Colt, Banks in the 

South and in the 

Northwest of Eu-

rope, Co-location 

Data Centre in the 

North of Europe 

Assumptions 

for concept 

development 

24 kW 

Redundancy level 

I 

120 kW 

Redundancy level 

II 

400 kW 

Redundancy level 

III 

2000 kW 

Redundancy level 

III 

3.2 CONCEPTS OVERVIEW 

In this section, the proposed advanced technical concepts for Data Centre power 

and cooling supply are summarised. The RenewIT consortium defined an advanced 

technical concept as a combination of known technologies (subsystems, see annex 

A) that are adapted to the specific requirements of Data Centres. It is derived from 

the integration of innovations under a holistic approach with the aims to provide 

power, cooling or both for a Data Centre and to ensure a high share of renewables. 

Thus, the integrated solutions of the concepts are evaluated and not the sum of 

the individual subsystems. 
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The 18 concepts presented in D4.3 have been chosen by the project partners 

involved in WP4 based on the following premises: 

 The concepts should cover the whole size range of Data Centres 

 The concepts should cover the variety of geographical and climatic 

conditions in Europe as well 

 The concepts should have the potential to reach a high share of 

renewables and efficient supply of Data Centres in urban locations 

 The concepts should be economically feasible at present or supposed to 

become feasible within the next decade 

 The concepts should cover the most promising technologies which were 

found in deliverable 4.1 

In this deliverable, the concepts are analysed and evaluated in detail by means of 

dynamic numerical simulations, considering different sizes and locations. 

Moreover, simulations of the concepts have been conducted over an entire year 

for estimating energetic and economic key figures.  

Eight out of 18 proposed concepts cover both cooling and power supply including 

power generation technologies. These could supply the cooling load as well as a 

high share of the total electric energy demand of the Data Centre (if necessary, 

additional electricity might be purchased from the grid). Three further concepts 

are based on electricity purchase from the grid, but include electric storages for 

optimal utilisation of the grid power (for example, the storage can be charged 

when the current electricity price is low or when a lot of renewable energy is fed 

into the grid leading to a high share of renewables). The other seven concepts are 

pure thermal concepts, which do not include power supply. Purchasing green 

electricity from the grid is recommended when implementing these concepts in 

order to minimise the Data Centre’s non-renewable primary energy demand.  

The four locations Barcelona (Spain), Frankfurt (Germany), Amsterdam 

(Netherlands) and Stockholm (Sweden), representing different climate conditions 

around Europe, were chosen as examples for developing the concepts. However, 

each of the concepts were also simulated in the different locations in order to 

evaluate the performance of the concepts at different weather conditions. It is 

important to keep in mind that these locations do not represent the climate 

conditions of the entire country, but are an example for the conditions in the 

climate zone they are located. The assumed location determines the number of 

annual hours which allow free cooling, the availability of renewable resources like 

solar radiation and wind, the share of renewable energy in the national grid and 

the electricity price. Free cooling has been considered in all supply concepts, 
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because it makes sense from the point of view of the primary energy demand at 

least during winter in all locations. 

3.3 EXTERNAL DATA FOR SIMULATIONS 

The data required for the simulation of the concepts are as follows: 

 Meteorological data 

 Energy costs 

 Electricity price and share of renewable energy in the national grid 

 Primary energy and CO2 emission factors  

 IT workload profiles 

Meteonorm [57] weather files were used to generate the weather data base. The 

data for the energy costs for water, gas, biogas, biomass, district cooling and sold 

heat is annually averaged. Moreover, in the RenewIT a dynamic model has been 

developed which characterise the energy consumption of Data Centres and assess 

its interaction with the grid and therefore, the electricity price and share of 

renewable energy in the grid are expected to be assessed on an hourly basis. Table 

3.3 shows the yearly average energy costs of these energy sources. 

Hourly evolution of day-ahead spot prices of electricity in Spain (OMIE), Sweden 

(NordPool), Germany (EPEX) and UK (NordPool) has been used to find out the 

average European day-ahead prices of electricity. Figure 3.2 shows the electricity 

price for those countries while Figure 3.3 shows the normalized price (hourly price 

divided by the average yearly price). Furthermore, Figure 3.4 shows the average 

normalized day-ahead spot price of electricity for Europe calculated using the 

mentioned values. 
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Figure 3.2 Daily profiles of the day-ahead spot price of electricity in European countries 

[58], [59]  

 

Figure 3.3 Daily profiles of the normalized day-ahead spot price of electricity European 

countries [58], [59] 
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Figure 3.4 Hourly profiles of the normalized day-ahead spot price of electricity European 

countries [59] 

The electricity prices for industrial consumers for each country over the last years 

are shown in EUROSTAT [60]. For the simulation purposes the price of the 

electricity in the countries where hourly data was not available is calculated using 

the normalized price (Figure 3.4) multiplied by an average electricity price for each 

country. 

The power grid connexion cost has also been considered in the simulation. In the 

framework of the project two different power costs have been proposed (Table 

3.2). 

 Low-Medium power (< 450 kW): 12.7 €/kW 

 High power (> 450 kW): 7.14 €/kW 

Table 3.2 Power cost in different European countries [61] 

 Low power 

(<<450 kW) 

Medium power 

 (< 450 kW) 

High power  

(> 450 kW) 

Germany 10.89 10.89 10.89 

Spain 34.50 34.50 13.27 

Netherlands 3.20 2.43 2.03 

Italy 2.65 2.69 2.36 

Average 12.81 12.62 7.14 

 



Advanced concepts and tools for renewable energy supply of IT Data Centres 
RenewIT - Project number: 608679 

 
 

D4.5 Catalogue of advanced technical concepts for Net Zero Energy Data Centres 

 

Page 110 of 319 

  

 Table 3.3 Yearly average energy costs 

Energy source Cost Reference 

Water8 2.25 €/m3  European Environment Agency [62]  

Gas 0.041 €/kWh Eurostat [60] 

Biogas9 0.086-0.065 €/kWh Oxford Institute for Energy Studies [63]  

Biomass 

Local residues 55-68 €/t 

Local production 60-94 €/t 

Non-local production 98-115 €/t 

IRENA [64] 

DC supply10 

To connect: 147.24 €/kW 

Annual fix cost: 22.24 €/kW·a 

Energy cost: 35.12 €/MWh 

District cooling supply at Parc de l’Alba 

[65]  

Sold heat11 0.045 €/kWh Eurostat [61] 

 

Investment costs for the subsystems (CAPEX) required in the concepts have been 

estimated according to the respective data given in annex A. Operating cost 

(OPEX) of the concept is calculated over a life cycle of the components and the 

value represent the operating cost of the solution for 15 years in the project. In 

addition to the costs of the energy sources used to generate cooling and the 

electrical load of the Data Centre, maintenance costs of the sub components were 

considered in calculating the OPEX of the solutions. These maintenance costs have 

been taken from the VDI 2067 (Verein Deutscher Ingenieur e.V.) guideline [66]. 

Table 3.4 shows the energy source factors that are used in the project. Similarly 

as with the electricity price, the share of renewable energies in the grid for the 

                                       
8 The price has been updated with an annual increase of 3% 

9 Compared to the natural gas-based methanol production, bio-methanol production costs are 

estimated to be 1.5-4 times higher in the scientific literature. Current bio-methanol projects focus 

mainly on using waste streams from other industrial processes, suggesting that those can offer the 

best economics. Wood-based bio-methanol costs are estimated from 160 to 940 €/t. When using 

waste streams, the production costs are estimated to be slightly lower between 200 and 500 €/t 

[58]. 

10 These values are for a real district cooling connexion in Spain, in particularly in Parc de l’Alba [14]. 

11 Considering the cost increase during the last three years (7%). 
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different countries were calculated from the averaged normalized renewable en-

ergy ratio for European countries multiplied by the average factors for each coun-

try as stated in EUROSTAT [60] and International Energy Agency [67].   

Hourly evolution of the electricity production in Spain and Sweden12 has been used 

in calculating the average European values for primary energy, CO2 emission and 

renewable energy ratio in the grid. Figure 3.5 shows the average normalized ratios 

for primary energy, CO2 emission and renewable energy ratio for European 

countries. A yearly average value for primary energy factor, CO2 emission 

conversion and renewable energy ratio of the electricity of some selected countries 

is shown in Table 3.5 and they are calculated from the data given in EUROSTAT on 

monthly basis. CO2 emissions from the electricity production for almost all 

European countries are taken from APC trade off tool [68] and Ecotermia [69].  

Table 3.4 Primary and final energy and CO2 emissions conversion factors 

Energy source Non-renewable  

primary energy 

weighting factor [70] 

Total primary  

energy weighting 

factor [70] 

CO2 emission 

weighting factor 

[71] 

PV 0.00 1.00 0.00 

Wind 0.00 1.00 0.00 

Hydro 0.50 1.50 0.00 

Gas 1.05 1.05 0.43 

Biogas 0.50 1.50 0.00 

Biomass 0.05 1.05 0.00 

District cooling13 0.60 1.70 0.00 

Geothermal 0.00 1.00 0.00 

Exported heat 0.70 2.00 0.00 

 

                                       
12 As the hourly basis data of different countries are not available in the time of preparation 

of this document, only the data from the Spain and Sweden are used. 

13 District cooling primary energy and CO2 emission factors are dependent of the energy used and 

the district cooling/heating network. Here factors from Parc de l'Alba [14] are used. 
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Figure 3.5 Hourly profiles of the normalized primary energy, CO2 emission and renewable 

energy ratio for European countries [72],  [73] 

Table 3.5 Primary energy factor, CO2 emission conversion and renewable energy ratio 

(yearly average values) [60], [69] 

 PEF CO2 RES-2013 

Germany 2.66 0.57 0.256 

Spain 2.34 0.35 0.364 

Netherlands 2.47 0.52 0.101 

Sweden 2.12 0.02 0.618 

 

Figure 3.6 presents the HPC and web IT load profiles that have been used in the 

simulation. Moreover, the relationship between computing load and power 

consumption in function of the workload has been shown in Figure 3.7. Here, the 

power consumption is expressed as percentage of the maximum power 

consumption measured in the experimentation. 
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Figure 3.6 Web and HPC workload profiles [74], [75] 

  

Figure 3.7 HPC, Data and Web IT workload relationship with power consumed [Source: 

BSC] 
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3.4 DESCRIPTION OF THE PROPOSED ADVANCED TECHNICAL CONCEPTS 

In this chapter, a brief description of the aforementioned concepts including 

thermal14 and electric schemes along with the main components is presented. 

Furthermore, operation and control of the concepts as well as their limits of 

application and geographic restrictions are described. Emphasis is placed on the 

thermal systems (for cooling supply) because they are more complex than the 

power supply system due to energy conversion and heat transfer processes. 

Furthermore, the grid is always available for purchasing additional electricity or 

feeding excess power from own generation. Whereas, the cooling load has to be 

supplied just in time by own generation or storage discharging. However, the 

importance of an optimised and efficient power supply system should not be 

neglected.  

In order to guarantee the reliable operation of Data Centres, redundancy and 

backup equipment are considered in the concepts according to the assumed 

redundancy levels of the scenarios. 

3.4.1 PHOTOVOLTAIC SYSTEM WITH VAPOUR-COMPRESSION CHILLER AND ICE STORAGE  

General 

In concept 1, vapour-compression chillers along with wet cooling towers are used 

to produce cooling energy during summer. The electrical power required to drive 

the chiller can be purchased from the national grid or generated by the photovoltaic 

systems installed on the rooftop of the building. A large ice storage tank (IST) is 

used for decoupling power and cooling generation from cooling demand. Thus, ice 

can be generated when there is surplus power of the PV system or when cheap 

electricity or a high share of renewable power is available from the grid. 

Additionally, charging the storage during the colder night might be advantageous 

especially in warmer regions because cooling tower operation requires less energy 

when the ambient temperature is lower. In winter, direct air free cooling is 

performed for efficient cooling supply to the Data Centre. Figure 3.8 and Figure 

3.9 depict thermal and electric schemes of this concept, respectively. 

The concept might be applied in very small as well as large Data Centres (50 kW 

to 10 MW). 

 

                                       
14 More detailed hydraulic schemes of the subsystems as well as information about their 

control, requirements and costs can be found in annex A. The schemes are simplified and 

do not consider safety equipment and other parts which are required in practice. 
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Figure 3.8 Thermal scheme of concept 1 

 

Figure 3.9 Electric scheme of concept 1 

Main components 

Table 3.6 gives an overview on the main components (subsystems) shown in 

Figure 3.8. 

Operation and control 

Figure 3.10 shows the cooling control strategy of concept 1. Here, the cooling 

control strategy varies depending on the parameters such as the ambient air 

temperature, electricity price, share of renewable power in the grid, surplus power 

of PV and the ice storage system’s conditions. Altogether, there are six operating 

modes. The operating mode of the concept is selected based on the availability of 

one of the following order of the operating parameters. First, the surplus of PV, 

secondly high share of renewable power in the grid and third cheap electricity. In 
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some scenario, there is a possibility of the availability of more than one operating 

parameter.  

In case when the outside air temperature is lower than the supplied air 

temperature to the IT room, the Data Centre is cooled by the direct air free cooling. 

In addition, the chiller can be used to produce chilled water when there is a surplus 

power of PV or high share of renewable power in the grid or when the electricity 

cost is low and store that cold in the IST. Whereas, when the outside air 

temperature is higher than the supplied air temperature, the direct air free cooling 

is not applicable. In this scenario, IST can partially fulfil the cooling requirements 

depending on its condition but mainly the vapour-compression chiller produces the 

cooling energy. Therefore, the vapour-compression chiller is operated interacting 

with the ice storage according to the cooling energy demand and the boundary 

conditions such as the current electricity cost or solar radiation available, for 

instance. 

If the generated power by the PV system does not match the current power 

demand of the Data Centre, additional power has to be purchased from the 

national grid or excess power can be sold to the grid or stored as ice using the 

chiller. Set point values are defined for the ice storage temperature as well as for 

the cooling water supply temperature. For charging the ice storage, the chiller 

delivers water glycol mixture at -7 °C. The set points values for the supply 

temperatures of the chilled water (Tchw,s) and the cooling water (Tcow,s) used in this 

concept are 10 °C and 27 °C respectively. The pump used for the cooling water 

circuit (i.e., P1) is operated with the constant speed, whereas the pumps (i.e., P2, 

P3, and P4) are operated with the variable speed. The flow rate of fluid through 

the chiller water pump P4 (�̇�chw) is controlled in order to maintain a specific supply 

air temperature (Tair,s = 20 °C)  into the white space. 

If the implementation of the cooling system has multiple cooling towers and 

chillers, then for the efficient part load operation sequenced operation strategies 

should be used. This means that with 10 numbers of cooling tower in 50% of the 

load only 5 of the cooling towers are active.   
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Table 3.6 Subsystems in concept 1 

Subsystem Comments 

PV power system (PV) rooftop grid-tie photovoltaic power system; sized for a solar frac-

tion of 80% in total power demand in the preliminary calculations  

Vapour-compression chiller 

(VCCH) 

highly efficient machine, e.g. with screw compressor; backup 

chiller used for storage charging 

Hybrid cooling tower (HCT) optimised operation concerning water demand, auxiliary energy 

demand and COP of the chiller by defining an appropriate set 

point for changeover between dry and wet cooling 

Ice storage (IST) ice storage sized according to required cooling power and aspired 

discharging time 

Hydraulic separator (HS) separates hydraulic circuits of chillers, storage and consumers 

(cooling coils) 

Direct air free cooling 

(DAFC) 

run as often as possible 

 

Figure 3.10 Flow chart for the cooling control strategy of concept 1 
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Limits of application 

This concept makes sense only in locations where the radiation levels are high 

enough.  However, it must be considered that higher levels of radiation cause 

higher demands for mechanical cooling because the hours in free cooling mode are 

lower. Makeup water is required for the use of hybrid cooling towers. In addition, 

there might be local regulations which must be considered when implementing 

these cooling towers. 

As far as sizes are concerned, the only limit is the availability of space in roofs for 

the PV installation. For the ice storage the limits are the cost of the storage and 

the requirement of the large chiller. 

Backup and redundancy 

No backup or redundant capacity components have been considered for this 

scenario as redundancy level I is assumed.  

3.4.2 SOLAR DESICCANT EVAPORATIVE COOLING  

General 

In concept 2, desiccant evaporative coolers (DEC) are used to produce cold air 

with using solar thermal energy to regenerate the desiccant wheel. The DEC 

system combines rotatory wheel heat recovery, indirect evaporative cooling and 

extended direct evaporative cooling by means of using auxiliary heat. Supplying 

fresh air and controlling humidity and temperature of supply air, DEC systems 

operate as a full air-conditioning unit. They use sorption based air dehumidification 

with the help of liquid or solid sorption materials and the evaporative cooling effect. 

Consequently, the air treatment in DEC systems is based on two physical 

principles: dehumidification and evaporation. Accordingly, the technical equipment 

of DEC systems abandons totally a use of refrigerant medium with high potential 

of global warming. A standard desiccant cooling system consists of several 

different technical components shown in Figure 3.11. This most common DEC 

system is generally separated by a supply air and a return air stream. Furthermore, 

it is composed of standard components of air-conditioning units such as filters, 

fans, heat recovery, heating or cooling coils and humidifiers. In comparison to 

standard air handling units, the desiccant wheel being additionally implemented 

dehumidifies the supply air in order to enlarge the potential of evaporative cooling. 

In order to guarantee a continuous operating air-conditioning process, the 

desiccant material, which is permanently charged with water molecules, has to be 

also constantly discharged (regenerated). The regeneration process of the 

desiccant material, whether liquid or solid, can be realised by providing 

regeneration heat. The required temperatures for an efficient regeneration of the 

desiccant wheel are in a range of 50 °C up to 90 °C. Due to this low driving 
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temperatures, economic advantages arise particularly for DEC systems when being 

coupled to district heating or heat supplied from a combined heat and power (CHP) 

plant. Of particular interest is the coupling with thermal solar energy as considered 

here. Free cooling is very simple to use in these types of systems. It can be 

performed by blocking the operation of the heat recovery wheel. 

When the solar heat is not required for DEC during winter because free cooling is 

available, it can be used for space heating and domestic hot water production. 

 

Figure 3.11 Thermal scheme of concept 2 

Geographical restrictions of the project are related to the availability of solar 

radiation. The concept might be applied in very small as well as large Data Centres 

(50 kW to 10 MW). 

Main components 

Table 3.7 gives an overview on the main components (subsystems) shown in 

Figure 3.11. 

Operation and control 

The desiccant cooling system fully operates when the conditions of humidity and 

temperature are optimal. Only when outdoor air is extremely humid or hot and the 

wheel is not capable of supplying enough cold air, the backup cooling system will 

start to extract heat from entering air. 
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Table 3.7 Subsystems in concept 2 

Subsystem Comments 

Solar thermal system (FPC) solar thermal collectors for desiccant cooling systems can be high 

efficiency Flat Plate Collectors, not necessarily ETC, which are 

more expensive.  

Hot water storage (HWST) allowing for optimal operation both of the heat generator (FPC) 

and the heat consumer (e.g. DEC system) by smoothing temper-

ature fluctuations; works as hydraulic separator between genera-

tor and consumer circuit 

Desiccant cooling system 

(DEC)  

includes desiccant wheel, heat recovery wheel, filters, fans and 

humidifiers 

Vapour-compression chiller 

(VCCH) 

backup vapour compression chiller; highly efficient machine, e.g. 

with screw compressor 

Wet cooling tower (WCT) sized according to the chiller capacity (backup) 

Cold buffer storage (CBS) allowing for optimal operation both of the cold generator (backup 

compression chiller) and the cold consumer (e.g. cooling coil) by 

smoothing temperature fluctuations 

Space heating system 

(SPH) 

design supply temperature adapted to the temperature level pro-

vided by the solar system, e.g. up to 60 °C 

Limits of application 

The feasibility of this concept depends largely on the number of free-cooling hours 

and the humidity of outside air. If the number of free-cooling hours is too high or 

outside humidity is low, desiccant cooling systems do not supply too much cold 

energy to the system (low thermal COPs), and therefore, it is hard to justify its 

cost. In very humid areas, conventional schemes (as the one proposed) have to 

be changed for other systems using cooling coils as pre-drying systems of entering 

air. 

As far as sizes are concerned, the only limit is the availability of space in roofs for 

solar thermal installation. The power density of solar thermal for cooling is signif-

icantly small; that means that for high cooling requirements it is not an adequate 

solution. In addition, there must be an appropriate heat demand available close to 

the Data Centre, which absorbs the excess heat generated especially during win-

ter, when the Data Centre is cooled by means of indirect air free cooling. 
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Backup and redundancy 

A backup gas boiler could also generate heat for the solar system. However, if the 

solar system does not reach the required temperature for the DEC system, 

compression chiller could be used as a backup as the operating costs of a backup 

compression chiller are lower. If the DEC system is not capable to fulfil the comfort 

requirements and it works on its thermodynamic limits, the backup chiller has to 

be switched on. Redundancy level II can be reached by installing N+1 chillers and 

cooling tower units. 

The preliminary results in the deliverable 4.3 shows that the payback back period 

of this concept is high and have a low primary energy savings. Therefore, this 

concept will not be investigated further in this project. The detailed description of 

the operation and the control strategies of this concept is also omitted. 

3.4.3 RECIPROCATING ENGINE CHP WITH ABSORPTION CHILLER  

General 

The concept 3 shown schematically in Figure 3.12, Figure 3.13 and Figure 3.14 is 

based on biogas-fed tri-generation by means of a reciprocating engine CHP plant. 

The heat from this plant is used for driving a single-effect absorption chiller during 

summer and supplying space heating for offices or buildings close to the Data 

Centre during winter. Additionally, indirect air free cooling is implemented for 

efficient cooling supply to the Data Centre especially during winter. Then, the heat 

from the CHP plant should be used for space heating and producing domestic hot 

water if required (generally, hot water demand is quite low in offices).  

The concept is not subject to any geographical restrictions and can be realised 

everywhere where biogas is available. It might be applied in very small as well as 

large Data Centres (50 kW to 10 MW). 

Main components 

Table 3.8 gives an overview on the main components (subsystems) shown in 

Figure 3.12. 

Operation and control 

Generally, the CHP plant is operated according to the heat demand for driving the 

chiller or supplying heat for space heating. If the generated power does not match 

the current power demand of the Data Centre, additional power has to be 

purchased from the national grid or excess power can be sold to the grid.  

If the implementation of the cooling system has multiple cooling towers and 

chillers, then for the efficient part load operation sequenced operation strategies 

should be used. Hot water of around 90 °C is fed into chiller. In addition, set point 
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values are defined for the chilled water supply temperature as well as for the 

cooling water supply temperature. The set points values for the supply 

temperatures of the chilled water (Tchw,s) and the cooling water (Tcow,s) used in this 

concept are 10 °C and 27 °C respectively. The pump used for the cooling water 

circuit (i.e., P5) is operated with the constant speed, whereas the pumps (i.e., P1, 

P2, P3, P4, P6 and P7) are operated with the variable speed. The flow rate of fluid 

through the chiller water pump P4 (�̇�chw) is controlled in order to maintain a specific 

supply air temperature (Tair,s = 20 °C)  into the white space. 

The following equations have been used in calculating the amount of the heat and 

the electricity produced and the fuel consumption of the CHP plant in the simulation 

of the concept: 

�̇�𝐻,𝑒𝑓𝑓 = �̇�𝐻,𝑚𝑎𝑥,𝐶𝐻𝑃 · 𝜙𝑚𝑎𝑥 

𝑃𝑒𝑙,𝑒𝑓𝑓 = 𝑃𝑒𝑙,𝑚𝑎𝑥,𝐶𝐻𝑃 · 𝜙𝑚𝑎𝑥 

𝜙𝑚𝑎𝑥 = 
�̇�𝐻,𝐴𝑏𝑐ℎ+�̇�𝐻,𝐷𝐻𝐶

�̇�𝐻,𝑚𝑎𝑥,𝐶𝐻𝑃
 

                �̇�𝐹𝑢𝑒𝑙 = 
�̇�𝐻,𝑒𝑓𝑓+ 𝑃𝑒𝑙,𝑒𝑓𝑓

𝜂𝐶𝐻𝑃
 

where �̇�𝐻,𝑒𝑓𝑓 represent the heat generated by the CHP, �̇�𝐻,𝑚𝑎𝑥,𝐶𝐻𝑃 represent the 

maximum heat generated by the CHP, 𝑃𝑒𝑙,𝑒𝑓𝑓 represent the electricity produced by 

the CHP, 𝑃𝑒𝑙,𝑚𝑎𝑥,𝐶𝐻𝑃 represent the maximum electricity produced by the CHP, 

�̇�𝐻,𝐴𝑏𝑐ℎ represent the heat required by the absorption chiller to produce the cooling 

energy, �̇�𝐻,𝐷𝐻𝐶 represent the heat supplied to the space heating, 𝜙𝑚𝑎𝑥 is the maxi-

mum load factor, �̇�𝐹𝑢𝑒𝑙 is fuel input in CHP system and 𝜂𝐶𝐻𝑃 is the total efficiency 

of the CHP plant. 

Limits of application 

The concept is suitable for all kinds of Data Centres. However, the CHP plant 

requires a certain amount of annual operating hours in order to make economic 

sense. Thus, there must be an appropriate heat demand available close to the 

Data Centre, which absorbs the heat especially during winter, when the Data 

Centre is cooled by means of indirect air free cooling. 

Backup and redundancy 

A backup gas boiler can generate heat for the chiller when the CHP plant fails. 

Redundancy level II can be reached by installing N+1 chillers and cooling tower 

units.  
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Figure 3.12 Thermal scheme of concept 3 

 

Figure 3.13 Electric scheme of concept 3 with off-site generation 
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Figure 3.14 Electric scheme of concept 3 with on-site generation 

Table 3.8 Subsystems in concept 3 

Subsystem Comments 

Reciprocating engine CHP 

plant (CHP) 

sized according to the heat demand (supplying absorption chiller 

in summer and space heating in winter) 

Absorption chiller (ABCH) single-effect, heat supply e.g. at 85/70 °C 

Hybrid cooling tower (HCT) optimised operation concerning water demand, auxiliary energy 

demand and COP of the chiller by defining an appropriate set 

point for changeover between dry and wet cooling 

Hot buffer storage (HBS) allowing for optimal operation both of the heat generator (CHP 

plant) and the heat consumer (e.g. chiller) by smoothing temper-

ature fluctuations; works as hydraulic separator between genera-

tor and consumer circuit 

Cold buffer storage (CBS) see hot buffer storage 

Space heating system 

(SPH) 

design supply temperature adapted to the temperature level pro-

vided by CHP, e.g. 70 °C 

Indirect air free cooling 

(IAFC) 

could include adiabatic cooling; run as often as possible 
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3.4.4 DISTRICT COOLING AND HEAT REUSE  

General 

In concept 4, chilled water for air-cooling is supplied by a district cooling system. 

Additionally, heat from direct liquid cooling is reused for space heating by means 

of a heat pump.  

Figure 3.15 and Figure 3.16 show the thermal and electric schemes of this concept 

respectively. During summer, chilled water from the district cooling system is used 

to cool the air flowing into the Data Centre and during winter, indirect free air-

cooling is conducted. The water for direct liquid cooling is cooled by a heat pump, 

which provides heat for space heating and domestic hot water. A dry cooler could 

be used if there is no heat demand. 

A district cooling water network with a high share of cooling from renewable 

sources is required for implementing this concept, but there are no geographical 

restrictions. The concept might be applied to very small as well as very large Data 

Centres (50 kW to >10 MW) if a suitable heat sink for heat reuse is available. As 

the concept does not cover power generation, the required electrical energy can 

be purchased from the national grid for instance. 

 

Figure 3.15 Thermal scheme of concept 4 
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Figure 3.16 Electric scheme of concept 4 

Main components 

The main components for this concept are listed in Table 3.9. 

Operation and control 

Figure 3.17 depicts the cooling control strategy for both the air-cooled and direct 

liquid cooling mode of concept 4.The chilled water volume flow on the primary side 

of HEX is controlled according to the air-cooling demand15 while the heat pump is 

operated depending on the liquid cooling demand. Both the hot and the cold water 

supply temperatures of the heat pump have to be maintained in a given range. A 

set point value is defined for one of the temperatures while the other one is 

monitored. In concept 4, temperature of the cold water supply (i.e., Tchw,2,s) is set 

as 40 °C. All the pumps used in concept 4 could be operated with the variable 

speed.  

Limits of application 

The availability of a district cooling system limits the use of the proposed concept 

(only urban location). Furthermore, there must be an appropriate heat demand for 

re-using the heat from direct liquid cooling. 

 

                                       
15 The flow rate of fluid through the pump P1 (�̇�chw) is controlled in order to maintain a 

specific supply air temperature (Tair,s = 20 °C)  into the white space. 
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Figure 3.17 Flow chart for the cooling control strategy of concept 4 

Backup and redundancy 

Redundancy level II can be attained by installing dry cooling tower units, which 

dissipate the heat from direct liquid cooling when the heat pump is not operating. 

Alternatively, the direct liquid cooling circuit could be connected to the district 

cooling system as well. For this system, a guarantee of >99% availability given by 

the provider is assumed and no backup is considered at the Data Centre. 
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Table 3.9 Subsystems in concept 4 

Subsystem Comments 

District cooling system 

(DC) 

supplies water with temperature of e.g. 5/10 °C (higher temperature 

is preferable for efficiency reasons, e.g. 10/16 °C) 

Heat exchanger (HEX) water/water plate heat exchanger; sized according to the mean tem-

perature difference and required air cooling power 

Heat pump (HP) CO2 high temperature heat pump; sized according to water cooling 

power demand; might not be necessary in a Low-Ex heating system 

without domestic hot water production 

Hot buffer storage (HBS) allowing for optimal operation both of the heat generator (heat 

pump) and the heat consumer (domestic hot water and space heat-

ing) by smoothing temperature fluctuations; works as hydraulic sep-

arator between generator and consumer circuit 

Space heating system 

(SPH) 

design supply temperature as low as possible, e.g. Low-Ex system 

(40/35 °C) 

Indirect air free cooling 

(IAFC) 

could include adiabatic cooling; run as often as possible 

3.4.5 GRID-FED WET COOLING TOWER WITHOUT CHILLER  

General 

In concept 5 (Figure 3.18), wet cooling towers (without chillers) can be used to 

produce cooling energy. When this evaporative free cooling is not possible, backup 

vapour-compression chillers along with cooling towers are used. The electrical 

power required to drive the cooling towers and the backup chillers can be 

purchased from the national grid. In winter, direct air free cooling is performed for 

efficient cooling supply to the Data Centre. Figure 3.19 depicts the electric scheme 

of this concept. 

This concept might be applied in very small as well as medium-sized Data Centres 

(50 kW to 1 MW). 

Main components 

Table 3.10 gives an overview on the main components (subsystems) shown in 

Figure 3.18. 
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Figure 3.18 Thermal scheme of concept 5 

 

Figure 3.19 Electric scheme of concept 5 

Operation and control 

Figure 3.20 shows the cooling control strategy of concept 5. In case when the 

outside air temperature is lower than the supplied air temperature to the IT room, 

the direct air free cooling is used. In other case when the outside air temperature 

is higher than the supplied air temperature, the direct air free cooling is not 

applicable. In this scenario, the cooling tower is used to produce the cooling 
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energy. The operation of the cooling tower control is based on the ambient wet 

bulb temperature. This evaporative free cooling is only possible when the outside 

wet bulb temperature is lower than the limit set point16. In the case when the 

outside wet bulb temperature is higher, backup vapour-compression chillers along 

with dry cooling towers are used. The set point value for the supply temperature 

of the cooling water (Tcow,s) used in this concept is 10 °C. The pump used for the 

cooling water circuit of the backup chiller (i.e., P2) is the constant speed pump 

and the pumps (i.e., P2, P3, and P4) are variable speed pumps. The flow rate of 

fluid through the cooling water pump P1 (�̇�chw) is controlled in order to maintain a 

specific supply air temperature (Tair,s = 20 °C)  into the white space. 

If the implementation of the cooling system has multiple cooling towers and 

chillers, then for the efficient part load operation sequenced operation strategies 

should be used.  

 

Figure 3.20 Flow chart for the cooling control strategy of concept 5 

Limits of application 

The feasibility of this concept depends largely on the number of free-cooling hours 

and the possibility of adiabatic cooling by direct use of the cooling tower. For this 

reason, the maximum wet-bulb temperature at the location must not be too high 

for providing the chilled water temperature required in the Data Centre. 

Plenty of makeup water is required for the application of wet cooling towers. 

Furthermore, for the application and maintenance of cooling towers and the water 

                                       
16 The limit value for the allowable ambient wet bulb temperature is 6 °C.   
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circulating in it, certain health and safety regulations need to be fulfilled in some 

countries. These local regulations may restrict the application of wet cooling 

towers. 

Table 3.10 Subsystems in concept 5 

Subsystem Comments 

Wet cooling tower (WCT) used for free cooling and for dissipating the heat from the chiller 

in summer 

Vapour-compression chiller 

(VCCH) 

backup vapour compression chiller; highly efficient machine, e.g. 

with screw compressor 

Cold buffer storage (CBS) allowing for optimal operation both of the cold generator (backup 

compression chiller) and the cold consumer (e.g. CRAH or cooling 

coil) by smoothing temperature fluctuations 

Direct air free cooling 

(DAFC) 

run as often as possible 

Backup and redundancy 

This evaporative free cooling system needs a backup system when the 

environmental conditions are not suitable. As a redundancy, N+1 compression 

chillers and wet cooling towers are used to attain redundancy level III. All 

components are connected by two independent paths. 

3.4.6 PHOTOVOLTAIC SYSTEM AND WIND TURBINES WITH VAPOUR-COMPRESSION CHILLER 

AND LEAD ACID BATTERIES  

General 

In concept 6, vapour-compression chillers along with wet cooling towers are used 

to produce cooling energy during summer. Figure 3.21, Figure 3.22 and Figure 

3.23 depict the thermal and electric scheme of this concept. The electrical power 

required to drive the chiller and to run the IT hardware can be generated by a 

photovoltaic system and wind turbines installed near the building; additional power 

is purchased from the grid. Lead-Acid batteries are used for decoupling power 

generation from power consumption and cooling demand. Thus, batteries are 

charged for example when renewable electric generation is high or when the cost 

of electricity is low. This strategy allows adopting the Data Centre’s total energy 

draft from the grid to the fluctuating parameters (e.g. cost and share of 

renewables) in order to optimise the Data Centre energy supply. Additionally, time 

shifting of the IT workload should be applied in this concept (see section 2.1). 
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In winter, indirect air free cooling is performed for efficient cooling supply to the 

Data Centre.  

Operation and control 

Figure 3.24 depicts the control strategy of concept 6. The cooling control strategies 

varies depending on the operating parameters such as the ambient air 

temperature, wind and solar power availability, share of renewable power in the 

grid, cost of electricity and the state of charge of the battery. The operating mode 

of the concept is selected based on the availability of the one of the following order 

of the operating parameters. First, the availability of the wind and solar power, 

secondly high share of renewable power in the grid and third cheap electricity. In 

some scenario, there is a possibility of the availability of more than one operating 

parameter. The set points values for the supply temperatures of the chilled water 

(Tchw,s) and the cooling water (Tcow,s) used in this concept are 10 °C and 27 °C 

respectively. The pump used for the cooling water circuit (i.e., P1) could be 

operated with the constant speed, whereas the pumps (i.e., P2 and P3) could be 

operated with the variable speed. The flow rate of fluid through the chiller water 

pump P3 (�̇�chw) is controlled in order to maintain a specific supply air temperature 

(Tair,s = 20 °C)  into the white space. 

For efficient part load operation of the cooling system, chillers as well as cooling 

tower units should be sequenced. 

 

Figure 3.21 Thermal scheme of concept 6 
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Figure 3.22 Electric scheme of concept 6 with the off-site generation 

 

Figure 3.23 Electric scheme of concept 6 with the on-site generation 
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Figure 3.24 Flow chart for the control strategy of concept 6 

Limits of application 

This concept is suitable for all kinds of Data Centres. However, this expensive 

combined solution requires relatively high levels of radiation and high availability 

of wind resources to justify the extra investment which is needed. Additionally, 

sufficient space is required for both the PV panels and the wind turbines. 

Plenty of makeup water is required for the application of wet cooling towers. In 

addition, local regulation must be considered when implementing these cooling 

towers. 

Backup and redundancy 

As a redundancy, N+1 compression chillers and wet cooling towers are used to 

attain redundancy level III. All components are connected by two independent 

paths. 
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Table 3.11 Subsystems in concept 6 

Subsystem Comments 

PV power system (PV) grid-tie photovoltaic power system installed near the building; 

sized for a solar fraction of 40% in total power demand in the 

preliminary calculations 

Wind turbine system (WT) grid-tie wind turbines installed near the building; wind tur-

bines considered in preliminary calculations represent a re-

newable contribution of 40% 

Lead-Acid battery (ELST) sized according to the required electrical power for IT and 

cooling distribution as well as the envisaged charging and dis-

charging time 

Vapour compression chiller 

(VCCH) 

highly efficient machine, e.g. with screw compressor 

Wet cooling tower (WCT) sized according to the chiller capacity 

Cold buffer storage (CBS) allowing for optimal operation both of the cold generator 

(compression chiller) and the cold consumer (e.g. CRAH) by 

smoothing temperature fluctuations 

Indirect air free cooling (IAFC) could include adiabatic cooling; run as often as possible 

 

3.4.7 GRID-FED VAPOUR-COMPRESSION CHILLER WITH LARGE CHILLED WATER STORAGE  

General 

In concept 7 (Figure 3.25), vapour-compression chillers along with wet cooling 

towers are used to produce cooling energy during summer. The electrical power 

required to drive the chiller can be purchased from the national grid. A large chilled 

water storage tank (CHWST) is used for decoupling cooling generation from cooling 

demand. Thus, chilled water can be generated when cheap electricity or a high 

share of renewable power is available from the grid. Additionally, charging the 

storage during the colder night might be advantageous especially in warmer 

regions because cooling tower operation requires less energy when the ambient 

temperature is lower. During winter, indirect air free cooling is performed for 

efficient cooling supply to the Data Centre. The electric scheme of this concept is 

identical to that of concept 5 (Figure 3.19). 
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Figure 3.25 Thermal scheme of concept 7 

This concept does not underlie any geographical restrictions. It can be applied to 

small Data Centres (50 kW) as well as large Data Centres (10 MW).  

Main components 

Table 3.12 shows an overview of the main components of the cooling concept. 

Operation and control 

Figure 3.26 depicts the cooling control strategy of concept 7. Here, the cooling 

control strategy varies depending on the operating parameters such as the 

ambient air temperature, electricity price, share of renewable power and the chilled 

water storage system conditions. The operating mode of the concept is selected 

based on the availability of the one of the following order of the operating 

parameters. First, high share of renewable power in the grid and second cheap 

electricity.  

In case when the outside air temperature is lower than the supplied air 

temperature to the IT room, the indirect air free cooling is used. In addition, the 

chiller can be used to produced chilled water when the share of renewable power 

is high in the grid or when the electricity cost is low and store that cold in the 

CHWST. In other case when the outside air temperature is higher than the supplied 

air temperature, the indirect air free cooling is not applicable. In this scenario, 

CHWST can partially fulfil the cooling requirements depending on its condition but 

mainly the vapour-compression chiller produces the cooling energy. Therefore, the 

vapour-compression chiller is operated interacting with the chilled water storage, 

based on the cooling energy demand and boundary conditions such as the current 

electricity cost or share of renewable power, for instance. The set points values for 

the supply temperatures of the chilled water (Tchw,s) and the cooling water (Tcow,s) 

used in this concept are 10 °C and 27 °C respectively. The pump used for the 
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cooling water circuit (i.e., P1) is operated with the constant speed, whereas the 

other pumps (i.e., P2, P3 and P4) are operated with the variable speed. The flow 

rate of fluid through the chiller water pump P3 (�̇�chw) is controlled in order to 

maintain a specific supply air temperature (Tair,s = 20 °C)  into the white space. 

 

Figure 3.26 Flow chart for the cooling control strategy of concept 7 

Limits of application 

Plenty of makeup water is required for the application of wet cooling towers. In 

addition, local regulation must be considered in implementing these cooling 

towers. For the chilled water storage, sufficient space is required. 

Backup and redundancy 

As a redundancy, N+1 compression chillers and wet cooling towers are used to 

attain redundancy level III. All components are connected by two independent 

paths. 
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Table 3.12 Subsystems in concept 7 

Subsystem Comments 

Vapour compression chiller 

(VCCH) 

highly efficient machines, e.g. with screw compressor; backup 

chiller used for storage charging 

Wet cooling tower (WCT) sized according to the chiller capacity 

Chilled water storage tank 

(CHWST) 

non-pressurised tank, contains advanced charging and discharg-

ing system for good thermal stratification; sized according to re-

quired cooling power and aspired charging/discharging time 

Indirect air free cooling 

(IAFC) 

could include adiabatic cooling; run as often as possible 

Hydraulic separator (HS) separates hydraulic circuits of chillers, storage and consumers 

(cooling coils) 

Pressure decoupling (PD) decouples storage from network pressure; contains pump for 

feeding water from the storage into the cooling system and 

valves for reducing the pressure of water fed into the storage 

3.4.8 GRID-FED VAPOUR-COMPRESSION CHILLER WITH LI-ION ELECTRIC BATTERIES  

General 

In concept 8, vapour-compression chillers along with wet cooling towers are used 

to produce cooling energy during summer. The electrical power required to drive 

the chiller can be purchased from the national grid. Li-Ion batteries are used for 

decoupling power generation from power consumption and cooling demand. Thus, 

batteries are charged for example when the cost of electricity is low or when the 

share of renewables is high. This strategy allows adopting the Data Centre’s total 

energy consumption from the grid to the fluctuating parameters (e.g. cost and 

share of renewables) in order to optimise the Data Centre energy supply. 

Additionally, time shifting of the IT workload should be applied in this concept (see 

section 2.1). 

In winter, indirect air free cooling is performed for efficient cooling supply to the 

Data Centre. Figure 3.27 and Figure 3.28 represent the thermal and electric 

scheme of this concept, respectively. 
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Figure 3.27 Thermal scheme of concept 8 

 

Figure 3.28 Electric scheme of concept 8 

This concept does not underlie any geographical restrictions. It can be applied to 

small Data Centres (50 kW) as well as large Data Centres (10 MW). 

Main components 

Table 3.13 gives an overview on the main components shown in Figure 3.27. 
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Table 3.13 Subsystems in concept 8 

Subsystem Comments 

Vapour compression chiller 

(VCCH) 

highly efficient machine, e.g. with screw compressor or turbo 

compressor 

Wet cooling tower (WCT) sized according to the chiller capacity 

Li-Ion battery (ELST) sized according to the required electrical power for IT and cooling 

distribution as well as the envisaged charging and discharging 

time 

Cold buffer storage (CBS) allowing for optimal operation both of the cold generator (com-

pression chiller) and the cold consumer (e.g. CRAH) by smooth-

ing temperature fluctuations 

Indirect air free cooling 

(IAFC) 

could include adiabatic cooling; run as often as possible 

Operation and control 

Figure 3.29 depicts the control strategy of concept 8. The control strategies varies 

depending on the operating parameters such as the ambient air temperature, cost 

of electricity, share of renewable power in the grid and the state of charge of the 

battery. The operating mode of the concept is selected based on the availability of 

the one of the following order of the operating parameters. First, high share of 

renewable power in the grid and second cheap electricity. In some scenario, there 

is a possibility of the availability of both operating parameter. 

The set points values for the supply temperatures of the chilled water (Tchw,s) and 

the cooling water (Tcow,s) used in this concept are 10 °C and 27 °C respectively. 

The pump used for the cooling water circuit (i.e., P1) is operated with the constant 

speed, whereas the pumps (i.e., P2, P3, and P4) are operated with the variable 

speed. The flow rate of fluid through the chiller water pump P3 (�̇�chw) is controlled 

in order to maintain a specific supply air temperature (Tair,s = 20 °C) into the white 

space. 

If the implementation of the cooling system has multiple cooling towers and 

chillers, then for the efficient part load operation sequenced operation strategies 

should be used.  

Limits of application 

Plenty of makeup water is required for the application of wet cooling towers. In 

addition, local regulation must be considered in implementing these cooling 

towers.  
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Backup and redundancy 

As a redundancy, N+1 compression chillers and wet cooling towers are used to 

attain redundancy level III. All components are connected by two independent 

paths. 

 

Figure 3.29 Flow chart for the control strategy of concept 8 

3.4.9 SYNGAS RECIPROCATING ENGINE CHP WITH ABSORPTION CHILLER AND LARGE HOT 

WATER STORAGE  

General 

The concept 9 shown schematically in Figure 3.30, Figure 3.31 and Figure 3.32 is 

based on syngas-fed trigeneration by means of a reciprocating engine CHP plant. 

The syngas is generated by a gasifier, which uses a part of the heat from the 

engine to dry the solid biomass. The heat from this plant is also used for driving a 

single-effect absorption chiller during summer and supplying space heating for 

offices or buildings close to the Data Centre during winter. A large hot water 

storage (HWST) is used for decoupling power, heat and cooling generation from 

heating and cooling demand. In winter, indirect air free cooling is performed for 

efficient cooling supply to the Data Centre. 
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The concept is not subject to any geographical restrictions and can be realised 

everywhere where biomass is available. The concept might be applied in medium 

as well as very large Data Centres (1 MW to >10 MW). 

Main components 

Table 3.14 gives an overview on the main components (subsystems) shown in 

Figure 3.30. 

 

Figure 3.30 Thermal scheme of concept 9 

Operation and control 

Generally, the CHP plant is operated according to the heat demand for driving the 

chiller or supplying heat for space heating. If the generated power does not match 

the current power demand of the Data Centre, additional power has to be 

purchased from the national grid or excess power can be sold to the grid. The 

absorption chiller is operated interacting with the HWST storage and the cooling 

energy demand.  

Hot water of around 90 °C is fed into the chiller. In addition, set point values are 

defined for the chilled water supply temperature as well as for the cooling water 

supply temperature. The set points values for the supply temperatures of the 

chilled water (Tchw,s) and the cooling water (Tcow,s) used in this concept are 10 °C 
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and 27 °C respectively. The pumps used for the cooling water circuit (i.e., P3 and 

P7) are operated with the constant speed, whereas the pumps (i.e., P1, P2, P4, 

P5, P6 and P8) are operated with the variable speed. The flow rate of fluid through 

the chiller water pump P6 (�̇�chw) is controlled in order to maintain a specific supply 

air temperature (Tair,s = 20 °C)  into the white space. 

If the implementation of the cooling system has multiple cooling towers and 

chillers, then for the efficient part load operation sequenced operation strategies 

should be used.  

The following equations have been used in calculating the amount of the heat and 

the electricity produced and the fuel consumption of the CHP plant in the simulation 

of the concept: 

�̇�𝐻,𝑒𝑓𝑓 = �̇�𝐻,𝑚𝑎𝑥,𝐶𝐻𝑃 · 𝜙𝑚𝑎𝑥 

𝑃𝑒𝑙,𝑒𝑓𝑓 = 𝑃𝑒𝑙,𝑚𝑎𝑥,𝐶𝐻𝑃 · 𝜙𝑚𝑎𝑥 

𝜙𝑚𝑎𝑥 = 
�̇�𝐻,𝐴𝑏𝑐ℎ+�̇�𝐻,𝐷𝐻𝐶

�̇�𝐻,𝑚𝑎𝑥,𝐶𝐻𝑃
 

                 �̇�𝐹𝑢𝑒𝑙 = 
�̇�𝐻,𝑒𝑓𝑓+ 𝑃𝑒𝑙,𝑒𝑓𝑓

𝜂𝐶𝐻𝑃
 

where �̇�𝐻,𝑒𝑓𝑓 represent the heat generated by the CHP, �̇�𝐻,𝑚𝑎𝑥,𝐶𝐻𝑃 represent the 

maximum heat generated by the CHP, 𝑃𝑒𝑙,𝑒𝑓𝑓 represent the electricity produced by 

the CHP, 𝑃𝑒𝑙,𝑚𝑎𝑥,𝐶𝐻𝑃 represent the maximum electricity produced by the CHP, 

�̇�𝐻,𝐴𝑏𝑐ℎ represent the heat required by the absorption chiller to produce the cooling 

energy, �̇�𝐻,𝐷𝐻𝐶 represent the heat supplied to the space heating, 𝜙𝑚𝑎𝑥 is the maxi-

mum load factor,  �̇�𝐹𝑢𝑒𝑙 is fuel input in CHP system and 𝜂𝐶𝐻𝑃 is the total efficiency 

of the CHP plant. 

Limits of application 

The concept is suitable for all kinds of Data Centres. However, the CHP plant 

requires a certain amount of annual operating hours in order to make economic 

sense, especially in this case since it includes a biogas gasifier. Thus, there must 

be an appropriate heat demand available close to the Data Centre, which absorbs 

the rejected heat especially during winter, when the Data Centre is cooled by 

means of indirect air free cooling. 

Backup and redundancy 

Redundancy level III can be reached by installing N vapour compression chillers 

as backup (in the case of any maintenance or failure of the CHP plant or absorption 

chillers). N+1 wet cooling towers are installed, which are connected both to the 

absorption chillers and vapour-compression chillers. All components are connected 

by two independent paths.  
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Figure 3.31 Electric scheme of concept 9 with the off-site generation 

 

Figure 3.32 Electric scheme of concept 9 with the on-site generation 



Advanced concepts and tools for renewable energy supply of IT Data Centres 
RenewIT - Project number: 608679 

  
 

D4.5 Catalogue of advanced technical concepts for Net Zero Energy Data Centres 

  Page 145 of 319 

   

Table 3.14 Subsystems in concept 9 

Subsystem Comments 

Syngas CHP (SYN) reciprocating engine CHP fuelled by syngas digester; sized ac-

cording to the heat demand (supplying absorption chiller in sum-

mer and space heating in winter) 

Absorption chiller (ABCH) single-effect, heat supply e.g. at 85/70 °C; backup chiller used 

for storage charging 

Wet cooling tower (WCT) sized according to the chiller capacity  

Hot water storage (HWST) allowing for optimal operation both of the heat generator (CHP 

plant) and the heat consumer (e.g. chiller) by smoothing temper-

ature fluctuations; works as hydraulic separator between genera-

tor and consumer circuit 

Cold buffer storage (CBS)  allowing for optimal operation both of the cold generator (ad-

sorption chiller) and the cold consumer (e.g. CRAH) by smooth-

ing temperature fluctuations 

Hydraulic separator (HS) separates hydraulic circuits of chillers, storage and consumers 

(cooling coils) 

Space heating system 

(SPH) 

design supply temperature adapted to the temperature level 

provided by CHP, e.g. 70 °C 

Indirect air free cooling 

(IAFC) 

could include adiabatic cooling; run as often as possible 

3.4.10 SOLAR THERMAL COOLING WITH DOUBLE EFFECT ABSORPTION CHILLER 

General 

Concept 10 is designed to cover thermal demands for cooling, heating and DHW 

(of external users). The double effect absorption chiller is connected to a cold-

water storage. The cooling backup can be a boiler connected in parallel with the 

solar collector or a compression chiller in series with the absorption machine (in 

this case the later will be used). The solar thermal system supplies cooling or 

heating (DHW) depending on the period of the year and the demands of the Data 

Centre. The designer will select the limits of each period depending on the demand 

profile. The solar collectors used will be medium temperature concentrating solar 

collectors, to be able to supply at a temperature that can drive a double effect 

absorption chiller. 
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Figure 3.33 Thermal scheme of concept 10 

Geographical restrictions of the concept are related to the availability of direct 

radiation, which means that it will be used mainly in Southern European countries. 

The concept might be applied in medium as well as very large Data Centres (1 MW 

to >10 MW). 

Main components 

Table 3.15 gives an overview on the main components shown in Figure 3.33. 

Operation and control 

Generally, solar thermal system operates to supply the heat demand for driving 

the chiller or supplying heat for space heating. The use of residual heat will depend 

on the season and the availability of free cooling. In case free cooling is operative, 

the energy can be sold to nearby buildings. 

Limits of application 

The concept is suitable for all kinds of Data Centres. However, as mentioned, 

Southern European countries, with high levels of solar direct radiation and low 

levels of free cooling will be the ones that will take more advantage of the solution. 

We must consider that higher levels of radiation also involve higher cooling 

demands because the hours in free cooling mode will be lower. In addition, there 

must be an appropriate heat demand available close to the Data Centre, which 
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absorbs the excess heat generated especially during winter, when the Data Centre 

is cooled by means of indirect air free cooling. 

Table 3.15 Subsystems in concept 10 

Subsystem Comments 

Solar thermal concentrator 

(STC) 

solar thermal concentrator (STC), either via Parabolic Through 

Collector, Linear Fresnel Collector or CPC collectors 

Hot buffer storage (HBS) allowing for optimal operation both of the heat generator (STC) 

and the heat consumer (ABCH) by smoothing temperature fluctu-

ations; works as hydraulic separator between generator and con-

sumer circuit (max. allowable temperature 200 °C and pressure 

20 bar) 

Absorption chiller (ABCH) double-effect, heat supply e.g. at 135/120 °C 

Wet cooling tower (WCT) sized according to the chiller capacity  

Cold buffer storage (CBS) allowing for optimal operation both of the cold generator (ab-

sorption chiller) and the cold consumer (e.g. CRAH) by smooth-

ing temperature fluctuations 

Vapour compression chiller 

(VCCH) 

backup vapour compression chiller; highly efficient machine, e.g. 

with screw compressor 

Space heating system 

(SPH) 

design supply temperature adapted to the temperature level pro-

vided by the solar thermal system, e.g. up to 135 °C 

Indirect air free cooling 

(IAFC) 

could include adiabatic cooling; run as often as possible 

Backup and redundancy 

Although a backup gas boiler can generate heat for the solar thermal system if it 

does not reach the required temperature. However, the option of selecting the 

vapour compression chiller could be more advantageous as the operating costs of 

a backup compression chiller are lower than a backup gas boiler. As a redundancy, 

N+1 compression chillers and wet cooling towers are used to attain redundancy 

level III. All components are connected by two independent paths. 

The preliminary results in the deliverable 4.3 shows that the payback back period 

of this concept is high and have a low primary energy savings. Therefore, this 

concept will not be investigated further in this project. The detailed description of 

the operation and the control strategies of this concept is also omitted. 
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3.4.11 SOLID BIOMASS BASED STEAM TURBINE WITH ABSORPTION CHILLER  

General 

Concept 11 (Figure 3.34) is based on a steam plant using solid biomass as fuel. 

Thus, cogeneration of electrical power and heat is conducted. The heat drives a 

single effect absorption chiller during summer and is fed into a district heating 

system during winter. Additionally, indirect air free cooling is implemented for 

efficient cooling supply to the Data Centre especially during winter. The electric 

scheme of this concept is identical to that of concept 9 (Figure 3.31 and Figure 

3.32) with steam plant for power production instead of syngas CHP. 

This concept can be realised everywhere where solid biomass and a sufficient 

quantity of makeup water for the operation of wet cooling towers are available. 

The concept might be applied in medium as well as very large Data Centres (1 MW 

to >10 MW). 

Main components 

Table 3.16 gives an overview on the main components shown in Figure 3.34. 

Operation and control 

During chiller operation, the steam plant is controlled according to the heat 

demand. The national grid is used for providing additional power or absorbing 

excess power. During winter, the steam plant can be operated according to the 

power demand if the DH system absorbs all the heat. The hot water from the CHP 

plant is set as 90 °C. In addition, set point values are defined for the chilled water 

supply temperature as well as for the cooling water supply temperature. The set 

points values for the supply temperatures of the chilled water (Tchw,s) and the 

cooling water of the chiller (Tcow,s) used in this concept are 10 °C and 27 °C 

respectively. In case for the free cooling by the cooling tower, the set point of the 

cooling water is 7°C. The pumps used for the cooling water circuit (i.e., P5 and P7) 

are operated with the constant speed, whereas the pumps (i.e., P1, P2, P3, P4, P6 

and P8) are operated with the variable speed. The flow rate of fluid through the 

chiller water pump P4 (�̇�chw) is controlled in order to maintain a specific supply air 

temperature (Tair,s = 20 °C)  into the white space. 

By adjusting the fuel supply rate, thermal and electric power output of the plant 

can be varied. Additionally, the share of heat and power generation is controlled 

by the steam flow rate extracted from the turbine. Thus, the electric to thermal 

ratio can be controlled within certain limits. 

The following equations have been used in calculating the amount of the power 

generated and the fuel consumption by the plant in the simulation of the concept: 
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𝑃𝑒𝑙 = 𝜎 ∙ �̇�𝐻 

𝜂CHP  =  
�̇�H +  𝑃el

 �̇�𝐹𝑢𝑒𝑙  
 

Where �̇�𝐻 is the extracted heat from the turbine, 𝜎 is the electric to thermal ratio 

of the plant,  �̇�𝐹𝑢𝑒𝑙 is fuel input in CHP system and 𝜂CHP is the total efficiency of the 

steam plant and its value depends on the electric to thermal ratio and the part 

load ratio. 

Limits of application 

For the economic benefit of this concept, the steam plant should operate at least 

3000 hours per year. Therefore, operation in winter is required which demands a 

suitable heat sink (e.g. district heating system which is only available in urban 

locations). Further limits are the space demand and emission issues, which might 

be relevant in urban locations. 

 

Figure 3.34 Thermal scheme of concept 11 

Backup and redundancy 

Redundancy level III can be reached by installing N vapour compression chillers 

as backup (in the case of any maintenance or failure of the steam plant or 
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absorption chillers). N+1 wet cooling towers are installed, which are connected 

both to the absorption chillers and vapour-compression chillers. All components 

are connected by two independent paths. The required electrical power can be 

purchased from the national grid when the power from the steam plant falls short. 

Table 3.16 Subsystems in concept 11 

Subsystem Comments 

Steam plant (STP) extraction condensation turbine; sized according to the heat de-

mand of the absorption chiller; includes cooling tower (not 

shown in scheme) 

Absorption chiller (ABCH) single effect, heat supply e.g. at 120 °C 

Wet cooling tower (WCT) used for dissipating the heat from the chiller in summer and for 

free cooling in winter 

Hot buffer storage (HBS) allowing for optimal operation both of the heat generator (steam 

plant) and the heat consumer (e.g. district heating) by smooth-

ing temperature fluctuations; works as hydraulic separator be-

tween generator and consumer circuit 

Cold buffer storage (CBS) see hot buffer storage 

District heating (DH) hot water from HBS is fed into the district heating system during 

winter; feed into supply or return line depending on permission 

given by the district heating operator 

Heat exchanger (HEX) sized according to the mean temperature difference and the 

heating power 

Indirect air free cooling 

(IAFC) 

could include adiabatic cooling; run as often as possible 

3.4.12 WAVE POWER AND FREE COOLING WITH SEAWATER  

General 

In concept 12, both power and cooling is obtained from the sea. The electric energy 

demand of the Data Centre is supplied by a wave power plant. As the generated 

power does not match the current power demand of the Data Centre, the national 

grid is used for levelling the difference. Seawater at sufficient depth is suitable for 

providing free cooling to the Data Centre. Figure 3.35 shows that a heat exchanger 

is used between the seawater circuit and the cooling distribution circuit in order to 

separate the salty and corrosive seawater from the cooling loop of the Data Centre. 

For the implementation of this concept, the Data Centre needs to be located close 
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to the coast of a sea with suitable wave energy potential and adequate water 

temperatures. The concept might be applied in large Data Centres (1 MW to 10 

MW). The electric scheme of this concept is identical to that of concept 9 (Figure 

3.31) with wave power plant instead of syngas CHP. 

 

Figure 3.35 Thermal scheme of concept 12 

Main components 

The main components of this concept are listed in Table 3.17. 

Table 3.17 Subsystems in concept 12 

Subsystem Comments 

Wave power plant (WVP) sized according to the electrical power demand  

Sea water free cooling (SW) plate heat exchanger; sized according to cooling demand and 

temperatures 

Operation and control 

Figure 3.36 depicts the control strategy of concept 12. The wave power plant 

generates power according to the current wave situation. Additional power is 

purchased from the grid if necessary and excess power is sold to the grid. A backup 

chiller could be used if there is no seawater cooling available. The seawater and 

chilled water pumps, both run with variable speed according to the defined supply 

temperature set point. The flow rate of fluid through the pump P2 (�̇�chw) is 

controlled in order to maintain a specific supply air temperature (Tair,s = 20 °C)  

into the white space. 
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Limits of application 

The concept is suitable only for Data Centres located near the coast. Wave power 

technology might not be profitably at present, but is expected to become feasible 

in future. 

Backup and redundancy 

As a redundancy, N+1 compression chillers and dry coolers are used to attain 

redundancy level III. All components are connected by two independent paths. 

The required electrical power demand can be purchased from the national grid 

when the wave power falls short. 

 

Figure 3.36 Flow chart for the control strategy of concept 12 

3.4.13 FREE COOLING WITH AQUIFER THERMAL ENERGY STORAGE  

General 

In concept 13, an aquifer thermal energy storage (ATES) is used to provide free 

cooling in summer and to facilitate reusing the stored heat in winter (Figure 3.37). 

In summer, cold water is extracted from the cold well and absorbs the heat from 

the Data Centre cooling system. The warmed water is injected back into the warm 

well. In winter, the Data Centre can be cooled by means of indirect air free cooling. 
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The ATES could be regenerated using a cooling tower, but it might be energetically 

advantageous to raise the temperature level in a heat pump and feeding the heat 

into a district heating system for instance. Figure 3.38 depicts the electric scheme 

of this concept. 

 

Figure 3.37 Thermal scheme of concept 13 

The concept can be applied at locations where suitable aquifers are available. It is 

recommended for medium-sized, large and very large Data Centres (1 MW to >10 

MW). 

Main components 

The main components of this concept are listed in Table 3.18. 

Operation and control 

In summer, the volume flow from ATES is adapted to the cooling demand in order 

to reach the defined chilled water supply17. The cold water is extracted from the 

cold well at maximum 15°C. The cold water absorbs the heat from the Data Centre 

cooling system and the warmed water is then injected back into hot well for ex-

ample (i.e., TATES,r) at 20°C.  

                                       
17 The set points values for the supply temperatures of the chilled water (Tchw,s) and the 

cooling water (Tcow,s) used in concept 13 are 10 °C and 27 °C respectively. 
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Figure 3.38 Electric scheme of concept 13 

Table 3.18 Subsystems in concept 13 

Subsystem Comments 

Aquifer thermal energy 

storage (ATES) 

sized according to the cooling energy demand; needs to be regener-

ated during winter 

Heat exchanger 1 

(HEX1) 

sized according to cooling energy demand and temperatures 

Heat pump (HP) high temperature heat pump (e.g. CO2 heat pump), standard heat 

pump or no heat pump according to heat sink temperature level  

Heat exchanger 2 

(HEX2) 

sized according to heating power fed to the DH system and tempera-

tures and mean temperature difference 

District heating (DH) hot water from HP is fed into the district heating system during win-

ter; low temperature DH system is advantageous (e.g. supply temper-

ature 40 °C) feed into supply or return line depending and permission 

given by the domestic heating operator 

Indirect air free cooling 

(IAFC) 

could include adiabatic cooling; run as often as possible 

 

During winter, heat extraction from the ATES can be controlled according to the 

demand of the DH system. A heat pump (HP) is used to regenerate the ATES level 

where the cold water with the temperature 5 °C (i.e., Tev,out which is the lowest 
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water temperature with which ATES can be discharged) is injected into the cold 

well. Generally, the quantity of heat extracted during winter has to be equal to the 

heat energy injected in summer. The electrical energy needed to operate this sys-

tem can be purchased from the national grid.  

Figure 3.39 shows the control strategy of concept 13. The operation of the ATES 

varies depending on the temperatures of the wells18 and the heating load demand 

of the district heating connection (DHC) which is represented by QDH. The ATES 

could be regenerated if a heating load demand exists and the hot well water 

temperature exceeds 10 °C. The ATES could be charged if the heating load demand 

is less than a minimum set value and the temperature of the cold well water is less 

than 15 °C. The ATES remains idle when the operating conditions do not match 

with the above-mentioned criteria. 

Limits of application 

For the feasibility of the ATES, it requires particular underground conditions and 

the presence of an aquifer [76]. In addition, there might be local regulations which 

must be considered when implementing ATES system. For the economic feasibility 

of the concept, a certain duration of ATES operation is required. Thus, locations 

with high availability of airside free cooling might not be advantageous. 

Additionally, there must be an appropriate heat demand during winter in order to 

regenerate the ATES. This can for example be a district heating system (only 

available at urban locations) or a dedicated building with heating needs. 

Backup and redundancy 

Redundancy level III can be reached by installing N+1 compression chillers and 

dry coolers as backup. All components are connected by two independent paths.  

                                       
18 The temperatures of the cold and hot wells are represented by TATES,s and Tev,in respec-

tively. 
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Figure 3.39 Flow chart for the control strategy of concept 13 

3.4.14 GRID-FED VAPOUR-COMPRESSION CHILLER WITH ELECTRICAL ENERGY AND 

CHILLED WATER STORAGES  

General 

Concept 14 is based on concept 7 with chilled water storage but extended by 

lithium-ion batteries for storing electrical energy in addition to thermal energy 

(Figure 3.40). Thus, both storages are charged for example when the cost of 

electricity is low or when the share of renewables is high in the grid. This strategy 

allows adopting Data Centre’s total energy draft from the grid to the fluctuating 

parameters (e.g. cost and share of renewables) in order to optimise the Data 

Centre energy supply. In winter, indirect air free cooling is conducted. The concept 

might be applied in small as well as large Data Centres (50 kW to 10 MW). Figure 

3.41 depicts the electric scheme of this concept.  

Main components 

Table 3.19 shows an overview of the main components of the concept. 

Operation and control 

The operation and control strategies of the thermal energy storage in this concept 

is similar to that of the concept 7. Figure 3.42 depicts the control strategy of the 

electrical energy storage of concept 14. The operations of the batteries varies 

depending on the operating parameters such as cost of the electricity, share of the 



Advanced concepts and tools for renewable energy supply of IT Data Centres 
RenewIT - Project number: 608679 

  
 

D4.5 Catalogue of advanced technical concepts for Net Zero Energy Data Centres 

  Page 157 of 319 

   

renewable power and the state of the charge of the batteries. The operating mode 

of the concept is selected based on the availability of the one of the following order 

of the operating parameters. First, high share of renewable power in the grid and 

second cheap electricity. In some scenario, there is a possibility of the availability 

of more than one operating parameter. 

 

Figure 3.40 Thermal scheme of concept 14 

 

Figure 3.41 Electric scheme of concept 14 
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Limits of application 

In addition to the limits described for concept 7, a further limit is caused by the 

space demand of the electrical storage. 

Backup and redundancy 

As a redundancy, N+1 compression chillers and wet cooling towers are used to 

attain redundancy level III. All components are connected by two independent 

paths. 

 

Figure 3.42 Flow chart for the control strategy of the electricity storage of concept 14 
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Table 3.19 Subsystems in concept 14 

Subsystem Comments 

Lithium-ion Battery (ELST) sized according to the required electrical power for IT and cooling 

distribution as well as the envisaged charging and discharging time 

Vapour compression chiller 

(VCCH) 

highly efficient machine, e.g. with screw compressor or turbo com-

pressor; backup chiller used for storage charging 

Wet cooling tower (WCT) sized according to the chiller capacity 

Chilled water storage tank 

(CHWST) 

non pressurised tank; contains advanced charging and discharging 

system for good thermal stratification; sized according to required 

cooling power and aspired discharging time 

Indirect air free cooling 

(IAFC) 

could include adiabatic cooling; run as often as possible 

Hydraulic separator (HS) separates hydraulic circuits of chillers, storage and consumers 

(cooling coils) 

Pressure decoupling (PD) decouples storage from network pressure; contains pump for feed-

ing water from the storage into the cooling system and valves for 

reducing the pressure of water fed into the storage 

3.4.15 BIOGAS FUEL CELL WITH ABSORPTION CHILLER  

General 

A biogas-fed fuel cell is applied for generating both power and heat, which is used 

for driving an absorption chiller during summer (Figure 3.43 and Figure 3.44). In 

winter, indirect air free cooling avoids the operation of the chillers. Then, the waste 

heat from the fuel cell can be recovered for space heating or might also be 

dissipated by a wet cooling tower. Because of the high temperature and pressure 

of the hot water, shell and tube heat exchanger is used for transferring the heat 

between the cooling tower and the fuel cell hot water circuit. 

The concept can be realised everywhere where biogas is available. It might be 

applied in small as well as very large Data Centres (50 kW to >10 MW). 

Main components 

Table 3.20 shows an overview of the main components of the concept. 
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Figure 3.43 Thermal scheme of concept 15 

 

Figure 3.44 Electric scheme of concept 15 
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Table 3.20 Subsystems in concept 15 

Subsystem Comments 

Fuel cell (FC) e.g. SOFC; sized according to the heat demand 

Absorption chiller (ABCH) double effect, heat supply e.g. at 170/140 °C 

Wet cooling tower (WCT2) sized according to the chiller capacity 

Hot buffer storage (HBS) allowing for optimal operation both of the heat generator (fuel 

cell) and the heat consumer (e.g. domestic hot water) by 

smoothing temperature fluctuations; works as hydraulic separator 

between generator and consumer circuit 

Cold buffer storage (CBS) see hot buffer storage 

Space heating system (SPH) mixing loop for decreasing the supply temperature in the case of 

high temperature fuel cell 

Indirect air free cooling 

(IAFC) 

could include adiabatic cooling; run as often as possible 

Shell and tube heat ex-

changer (HEX) 

sized according to temperatures of the hot water and mean tem-

perature difference 

Wet cooling tower (WCT1) sized for dissipating the waste heat from the fuel cell when there 

is no heat demand 

Operation and control 

In summer, the fuel cell is operated according to the heat demand of the 

absorption chiller. Additional electrical energy can be purchased from the grid. In 

winter, either the fuel cell can be controlled according to the power demand and 

its waste heat is dissipated by means of cooling towers, or it is controlled according 

to the demand of a space and domestic hot water heating. As far as the absorption 

chiller is concerned, a set point value is defined for the chilled water supply 

temperature. 

The hot water from the fuel cell is set to 150 °C. In addition, set point values are 

defined for the chilled water supply temperature as well as for the cooling water 

supply temperature. The set points values for the supply temperatures of the 

chilled water (Tchw,s) and the cooling water (Tcow,s) used in this concept are 10 °C 

and 27 °C respectively. The pumps used for the cooling water circuit (i.e., P4, P6, 

P9 and P10) are operated with the constant speed, whereas the other pumps are 

operated with the variable speed pumps. The flow rate of fluid through the chiller 

water pump P5 (�̇�chw) is controlled in order to maintain a specific supply air 

temperature (Tair,s = 20 °C)  into the white space. 
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The following equations have been used in calculating the amount of the heat and 

the electricity produced and the fuel consumption of the CHP plant in the simulation 

of the concept: 

�̇�𝐻,𝐹𝐶 = �̇�𝐻,𝑚𝑎𝑥,𝐹𝐶 · 𝜙𝑚𝑎𝑥 

𝑃𝑒𝑙,𝐹𝐶 = 𝑃𝑒𝑙,𝑚𝑎𝑥,𝐹𝐶 · 𝜙𝑚𝑎𝑥 

                                            𝜙𝑚𝑎𝑥 = 
�̇�𝐻,𝐴𝑏𝑐ℎ+�̇�𝐻,𝐷𝐻𝑊

�̇�𝐻,𝑚𝑎𝑥,𝐹𝐶
 

                 �̇�𝐹𝑢𝑒𝑙= 
�̇�𝐻,𝐹𝐶+ 𝑃𝑒𝑙,𝐹𝐶

𝜂𝐹𝐶
 

where �̇�𝐻,𝐹𝐶 represent the heat generated by the fuel cell, �̇�𝐻,𝑚𝑎𝑥,𝐹𝐶 represent the 

maximum heat generated by the fuel cell, 𝑃𝑒𝑙,𝐹𝐶 represent the electricity produced 

by the fuel cell, 𝑃𝑒𝑙,𝑚𝑎𝑥,𝐹𝐶 represent the maximum electricity produced by the fuel 

cell, �̇�𝐻,𝐴𝑏𝑐ℎ  represent the heat required by the absorption chiller to produce the 

cooling energy, �̇�𝐻,𝐷𝐻𝑊 represent the heat supplied to the space heating, 𝜙𝑚𝑎𝑥 is 

the maximum load factor, �̇�𝐹𝑢𝑒𝑙 is fuel input in CHP system and 𝜂𝐹𝐶 is the total 

efficiency of the fuel cell. 

Similarly, the following strategies have been followed for the dissipation of the 

generated heat by the fuel cell. 

�̇�𝑎 = �̇�𝐻,𝐹𝐶 - �̇�𝐻,𝐴𝑏𝑐ℎ  , where �̇�𝑎  is the excess heat after supplying for the chiller 

If, �̇�𝑎 > 0, 

�̇�𝑏 = �̇�𝑎 - �̇�𝐻.𝐷𝐻𝐶 , where �̇�𝑏 is the excess heat after supplying for the space heating 

If, �̇�𝑏 > 0, 

�̇�𝐻,𝑊𝐶𝑇 =  �̇�𝑏 , where �̇�𝐻.𝑊𝐶𝑇 is the excess heat dissipated by the cooling tower.  

Limits of application 

The applicability of this concept is limited by the availability of biogas and makeup 

water for the wet cooling tower as well as local legislation for such cooling towers. 

Because of the high electrical efficiency of fuel cells, a heat demand for heat reuse 

is not essential. 

Backup and redundancy 

Redundancy level III can be reached by installing N vapour compression chillers 

as backup (in the case of any maintenance or failure of the steam plant or 

absorption chillers). N+1 wet cooling towers are installed, which are connected 

both to the absorption chillers and vapour-compression chillers. All components 

are connected by two independent paths. The required electrical power can be 

purchased from the national grid when the power from the fuel cell falls short. 
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3.4.16 GRID-FED VAPOUR-COMPRESSION CHILLER WITH LEAD ACID BATTERIES AND 

ICE STORAGE  

General 

In concept 16 (Figure 3.45), vapour-compression chillers along with wet cooling 

towers are used to produce cooling energy during summer. The electrical power 

required to drive the chiller can be purchased from the national grid. Lead-Acid 

batteries and an ice storage tank (IST) are for decoupling power and cooling 

generation from cooling demand. Thus, both storages are charged for example 

when the cost of electricity is low or when the share of renewables is high in the 

grid. This strategy allows adopting the Data Centre’s total energy draft from the 

grid to the fluctuating parameters (e.g. cost and share of renewables) in order to 

optimise the Data Centre energy supply. In winter, indirect air free cooling is 

performed for efficient cooling supply to the Data Centre. The electric scheme of 

this concept is identical to that of concept 14 (Figure 3.41). 

 

Figure 3.45 Thermal scheme of concept 16 

This concept does not underlie any geographical restrictions. It can be applied to 

small Data Centres (50 kW) as well as large Data Centres (10 MW). 

Main components 

Table 3.21 gives an overview on the main components (subsystems) shown in 

Figure 3.45. 
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Table 3.21 Subsystems in concept 16 

Subsystem Comments 

Lead-Acid battery (ELST) sized according to the required electrical power for IT and cooling 

distribution as well as the envisaged charging and discharging 

time 

Compression chiller (VCCH) highly efficient machine, e.g. with screw compressor or turbo 

compressor; backup chiller used for storage charging 

Wet cooling tower (WCT) sized according to the chiller capacity 

Ice storage (IST) ice storage sized according to required cooling power and aspired 

discharging time 

Hydraulic separator (HS) separates hydraulic circuits of chillers, storage and consumers 

(cooling coils) 

Indirect air free cooling 

(IAFC) 

could include adiabatic cooling; run as often as possible 

Operation and control 

The vapour-compression chiller is operated interacting with the ice storage 

according to the cooling energy demand and boundary conditions as the current 

electricity cost for instance. For efficient part load operation of the cooling system, 

chillers as well as cooling tower units should be sequenced. Set point values are 

defined for the ice storage temperature as well as for the cooling water supply 

temperature. The control strategy of concept 16 is similar to that of concept 14  

(as shown in Figure 3.26 and Figure 3.42). 

Limits of application 

Plenty of makeup water is required for the application of wet cooling towers. In 

addition, local regulation must be considered in implementing these cooling 

towers.  

Backup and redundancy 

This system does not need any specific backup system. As a redundancy, N+1 

compression chillers and wet cooling towers are used to attain redundancy level 

III. All components are connected by two independent paths. 
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3.4.17 CONCENTRATED SOLAR POWER CHP WITH ADSORPTION CHILLER  

General 

Concept 17 is designed to cover electrical demands of the whole Data Centre and 

thermal demands for cooling, heating and DHW (of external users). The organic 

Rankine cycle (ORC) turbine will provide electricity to the Data Centre, using the 

heat from the solar thermal collector field. The dissipation temperature of the ORC 

machine will be used to drive an adsorption chiller in order to produce the cooling 

energy. A cold buffer storage is used to store the chilled water. The cooling backup 

will be a compression chiller in series with the adsorption machine. The solar ther-

mal system supplies cooling or heating/DHW depending on the period of the year 

and the demands of the Data Centre. The designer will select the limits of each 

period depending on the demand profile. The solar collectors used will be medium 

temperature concentrating solar collectors, to be able to supply at a temperature 

that can drive an ORC turbine. Figure 3.46 and Figure 3.31 (with ORC plant instead 

of Syngas plant) depict thermal and electric schemes of this concept respectively. 

 

Figure 3.46 Thermal scheme of concept 17 

Geographical constrictions of the project are related to the availability of direct 

radiation, which means that it will be used mainly in Southern European countries. 

The concept might be applied in large Data Centres (1 MW to 10 MW). 
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Main components 

Table 3.22 gives an overview on the main components (subsystems) shown in 

Figure 3.46. 

Table 3.22 Subsystems in concept 17 

Subsystem Comments 

Solar thermal concentrator 

(STC) 

solar thermal concentrator (STC), either via Parabolic Trough 

Collector, Linear Fresnel Collector or CPC collectors 

Adsorption chiller (ADCH) adsorption chiller, heat supply e.g. at 55 °C 

Wet cooling tower (WCT) sized according to the chiller capacity  

Hot buffer storage (HBS) allowing for optimal operation both of the heat generator (solar 

thermal) and the heat consumer (e.g. ORC) by smoothing tem-

perature fluctuations; works as hydraulic separator between gen-

erator and consumer circuit 

Organic Rankine Cycle tur-

bine (ORC) 

turbine with efficiencies of around 10-12% electrical, but in 

which a 70% of the residual heat of the ORC can be reused to 

drive an adsorption chiller 

Cold buffer storage (CBS) allowing for optimal operation both of the cold generator (ad-

sorption chiller) and the cold consumer (e.g. CRAH) by smooth-

ing temperature fluctuations 

Vapour compression chiller 

(VCCH) 

backup vapour compression chiller ; highly efficient machine, 

e.g. with turbo compressor 

Space heating system 

(SPH) 

design supply temperature adapted to the temperature level pro-

vided by the ORC, e.g. up to 50 °C 

Indirect air free cooling 

(IAFC) 

could include adiabatic cooling; run as often as possible 

Operation and control 

Generally, solar thermal system operates to supply the ORC continuously (when 

available). The use of residual heat will depend on the season and the availability 

of free cooling. In case free cooling is operative, the energy can be sold to nearby 

blocks. 

Limits of application 

This concept is suitable for all kinds of Data Centres. However, as mentioned, 

Southern European countries with high levels of solar direct radiation and low 
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levels of free cooling will be the ones that will take more advantage of the solution. 

It must be considered that higher levels of radiation also involve higher cooling 

demands because the hours in free cooling mode will be lower. In addition, there 

must be an appropriate heat demand available close to the Data Centre, which 

absorbs the excess heat generated especially during winter, when the Data Centre 

is cooled by means of indirect air free cooling. 

Backup and redundancy 

Although a backup gas boiler could generate heat when the solar system does not 

reach the required temperature, the operating costs of a backup compression 

chiller are lower. As a redundancy, N+1 compression chillers and wet cooling 

towers are used to attain redundancy level III. All components are connected by 

two independent paths. 

The preliminary results in the deliverable 4.3 show that the payback period of this 

concept is high and have a low primary energy savings. Therefore, this concept 

will not be investigated further in this project. The detailed description of the 

operation and the control strategies of this concept are also omitted. 

3.4.18 VAPOUR-COMPRESSION CHILLER WITH DESICCANT EVAPORATIVE COOLING 

USING HEAT FROM CHILLER  

General 

In concept 18 (Figure 3.47), desiccant evaporative coolers are used to produce 

cold air, with the use of residual heat from conventional chillers to regenerate the 

desiccant wheel. The temperature of the residual heat will be lifted through a high-

efficiency heat pump to be high enough to regenerate the wheel. 

The basis of the concept, apart from the same criteria mentioned in chapter 3.4.2 

is the balance between the cold produced with a conventional chiller and the des-

iccant cooling system. If the combination of lifting the temperature with a high 

thermal coefficient of performance (COP) has sufficient efficiency, the application 

of this technology seems promising.  

Free cooling is very simple to use in these types of DEC systems by blocking the 

operation of the heat recovery wheel. 

The concept might be applied in medium as well as very large Data Centres (1 MW 

to >10 MW). 

Main components 

Table 3.23 gives an overview on the main components (subsystems) shown in 

Figure 3.47. 
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Operation and control 

The combined cooling system fully operates when the conditions of humidity and 

temperature are optimal. When outdoor air is extremely humid or hot and the 

wheel is not capable of supplying enough cold air, only the vapour-compression 

chiller (as backup system) will start to extract heat from entering air. 

 

Figure 3.47 Thermal scheme of concept 18 

Limits of application 

The feasibility of this concept depends largely on the number of hours of free 

cooling and the humidity of outdoor air. If the number of hours of free cooling is 

too high or outdoor humidity is low, desiccant cooling systems do not supply too 

much cold energy to the system (low thermal COPs), and therefore, it is hard to 

justify its cost. In very humid areas, conventional schemes (as the one proposed) 

have to be changed for other systems using cooling coils as pre-drying systems of 

entering air. 

Plenty of makeup water is required for the application of wet cooling towers. In 

addition, local regulation must be considered in implementing these cooling 

towers. 

Backup and redundancy 

As a redundancy, N+1 compression chillers and wet cooling towers are used to 

attain redundancy level III. All components are connected by two independent 

paths.  
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Table 3.23 Subsystems in concept 18 

Subsystem Comments 

Desiccant cooling system 

(DEC)  

including desiccant wheel, heat recovery wheel, filters, fans and 

humidifiers 

Vapour-compression chiller 

(VCCH) 

highly efficient machine, e.g. with turbo compressor 

Temperature lift heat pump 

(HP) 

temperature lift heat pump, from the condensing temperature of 

the VCCH (35 ºC) to a temperature high enough to regenerate 

the wheel (70 ºC) 

Wet cooling tower (WCT) sized according to the chiller capacity 

Cold buffer storage (CBS) allowing for optimal operation both of the cold generator (backup 

compression chiller) and the cold consumer (e.g. cooling coil) by 

smoothing temperature fluctuations 

 

The preliminary results in the deliverable 4.3 show that the payback period of this 

concept is high and has a low primary energy savings. Therefore, this concept will 

not be investigated further in this project. The detailed description of the operation 

and the control strategies of this concept are also omitted. 

3.5 SIMULATION RESULTS 

In this section, the simulation results for different scenarios and for each concept 

are presented. Additionally in the following chapter, all the simulation results will 

be compared and analysed. For each concept, a Sankey chart is drawn for selected 

cases where the distribution of average energy flows per year within different 

subsystem is presented.  

The dynamic simulation tool TRNSYS 17 is used for the modelling of 14 concepts. 

Each model consists of the groups of the macros connected together creating an 

energy model. The subcomponents of a concept are represented by the individual 

macros such as the white space, PDU, CRAH units, electric generation, cold 

generation, IT load etc. In the simulation, strategies to reduce Data Centre loads, 

such as the efficient IT management to the Low-Ex climate control have been 

implemented.  

The workload has been assumed as the HPC workload for each concept during the 

simulation. The design IT power of the system is selected as has been described 

in the scenario (Table 3.1). The actual IT power consumption of the system is 

smaller than the design IT power. In general, the IT power consumption of the 
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Data Centre depends on many factors, such as the server type, physical properties 

of the cooling medium (such as the temperature, flow rate), workload and the 

occupancy rate. Therefore, in reality the IT load of the system can never reach as 

that of the design IT power and also affected for safety margins. 

In general, for the simulation the size of renewables systems and the CHP systems 

in the concept is correlated with the IT power capacity of the Data Centre without 

considering physical constraints such as the availability of roof or land to install 

the systems. The sizing of the other subsystems for each concept is performed 

based on an iterative process and the experiences of the consortium. However, 

further optimization of the subsystems is still needed because of the complexity of 

the systems.  

Two very important assumptions for the simulations were that the excess amount 

of the generated electricity is fed into the grid and the selling price of the electricity 

is same as that of the purchased price from the national grid. In addition, the 

primary energy factors for exported electricity is assumed to be the same as the 

factor of electricity from the grid in the simulation. 

In the process of modelling of the concepts all together about more than 800 

parameters were identified and among them only few ones are the main 

independent parameters that define the behaviour of the models. Some of these 

parameters and their values used in the simulations are listed in Table 3.24. 

Table 3.24 List of parameters and their values used in the simulations 

Parameter Value unit 

Average peak power per rack 5 [kW/rack] 

Occupancy 1 [-] 

IT load type HPC [-] 

Overall heat transfer coeffi-

cient of the WSP room 
0.1 [W/m2·K] 

Consolidation On [-] 

Green algorithm On [-] 

Smart trading On [-] 

UPS configuration Modular [-] 

UPS enhancement On [-] 

Bypass of air 0.1 [-] 
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Parameter Value unit 

Recirculation of air 0.1 [-] 

Supply air temperature 20 [°C] 

Increasing allowable  

IT temperature 
10 [°C] 

Fan pressure difference 700 [Pa] 

Max. temperature for IAFC 15 [°C] 

Variable air flow On [-] 

 

Concept 1: Photovoltaic system with vapour-compression chiller and ice 

storage 

For the simulation of the concept, a 24 kW IT capacity Data Centre located in  

Barcelona has been used. Moreover, the parameters such as IT power capacity, 

location and the redundancy level from the scenario 1 (as shown in Table 3.1) are 

applied. The yearly average value of the share of renewable energy in the national 

grid (RES) is 0.36 during 2013 [60], [69]. Figure 3.48 shows the distribution of 

the average energy flows per year within the different subsystems of concept 1. 

As one part of the electricity generated by the PV panels is not self-consumed, it 

is exported to the grid. Thermal or electrical losses of the individual parts are 

depicted in the chart. It is visible that the free cooling covers only 45% of the total 

cooling load of the Data Centre and the rest is supplied by the chiller. About 42% 

of the cooling energy produced by the chiller is being temporarily stored in the 

storage and the rest is used directly to dissipate the waste heat of the AHU unit.   

In order to use the ice storage in the supply of the cooling energy the price 

difference between day and night should be in a reasonable range. In the 

simulation, the peak price is assumed to be double the average price of the 

electricity. 
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Figure 3.48 Sankey chart showing the distribution of average energy flows per year within 

different subsystems of concept 1 for scenario 1 (Boundary condition: Barcelona, 24 kW 

IT power capacity, RES = 0.36) 

Concept 3: Reciprocating engine CHP with absorption chiller 

For the simulation, a 120 kW IT power capacity Data Centre located in Frankfurt 

and the parameters from the scenario 2 are applied. Figure 3.49 shows the 

distribution of the average energy flows per year within the different subsystems 

of concept 3. The excess electricity produced by the CHP system is fed into the 

national grid. The chart shows that the indirect free cooling covers around 65% of 

the total cooling energy demand of the Data Centre and the rest is covered by the 

chillers. The CHP plant operates with an electrical efficiency of 42% and a thermal 

efficiency of 44%. Only 18.5% of the useful heat produced by the CHP system is 

used to the absorption chiller to produce cold, the rest is fed in to the space 

heating. The reason for this is the location, which enables the free cooling to 

provide a majority of the heat removal, which in turn lowers the cold demand and 

thereby the heat use by the absorption chiller from the CHP. It is visible that the 

backup vapour compression chiller in the system is still needed occasionally to 

cover certain partial load situations. 
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Figure 3.49 Sankey chart showing the distribution of average energy flows per year within 

different subsystems of concept 3 for scenario 2, (Boundary condition: Frankfurt, 120 kW 

IT power capacity, RES = 0.26) 

Concept 4: District cooling and heat reuse 

For the simulation, a 120 kW IT power capacity Data Centre located in Frankfurt 

and the parameters from the scenario 2 are used. Figure 3.50 illustrates the 

distribution of the average energy flows per year within the different subsystems 

of concept 4. Here, the Data Centre is cooled by the air-cooling and the liquid 

cooling system. In order to cool the air of the Data Centre, chilled water from the 

district cooling system in the summer and during the winter the indirect air free 

cooling are applied. Air-cooling system accounts for 65% while the liquid cooling 

system accounts for 35% of the total cooling load of the Data Centre.  
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Figure 3.50 Sankey chart showing the distribution of average energy flows per year within 

different subsystems of concept 4 for scenario 2 (Boundary condition: Frankfurt, 120 kW 

IT power capacity, RES = 0.26) 

Concept 5: Grid-fed wet cooling tower without chiller 

Figure 3.51 depicts the distribution of the average energy flows per year within 

the different subsystems of concept 5. For the simulation, a 400 kW IT power 

capacity Data Centre located in Stockholm and the parameters from the scenario 

3 are used. The simulation results show that the 76% of the cooling load of the 

Data Centre is covered by the direct air free cooling and the wet cooling tower is 

operated to meet the remaining cooling load.  
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Figure 3.51 Sankey chart showing the distribution of average energy flows per year within 

different subsystems of concept 5 for scenario 3, (Boundary condition: Stockholm, 400 kW 

IT power capacity, RES = 0.62) 

Concept 6: Photovoltaic system and wind turbines with vapour-

compression chiller and lead acid batteries 

Figure 3.52 depicts the distribution of the average energy flows per year within 

the different subsystems of concept 6. The location of the concept 6 is Barcelona 

and the parameters from the scenario 3 are applied. The electricity generated by 

the PV system and the wind turbines is not sufficient and therefore purchased from 

the national grid. In the case when the electricity generated is not self-consumed, 

it is exported to the grid. The concept uses a battery and about 20% of the elec-

tricity is stored temporarily in the battery. It is visible that the free cooling covers 

only 45% of the cooling load of the Data Centre which is the lowest free cooling 

energy among the other concepts of this scenario. 

 



Advanced concepts and tools for renewable energy supply of IT Data Centres 
RenewIT - Project number: 608679 

 
 

D4.5 Catalogue of advanced technical concepts for Net Zero Energy Data Centres 

 

Page 176 of 319 

  

 

Figure 3.52 Sankey chart showing the distribution of average energy flows per year within 

different subsystems of concept 6 for scenario 3, (Boundary condition: Barcelona, 400 kW 

IT power capacity, RES = 0.36) 

Concept 7: Grid-fed vapour compression chiller with large chilled water 

storage 

Figure 3.53 depicts the distribution of the average energy flows per year within 

the different subsystems of concept 7. The location for the simulation is Frankfurt 

and the parameters are used from the scenario 3. This concept uses a large chilled 

water storage tank but the results show the storage capacity of the storage is not 

utilised sufficiently. The possible causes that prevent the maximum utilisation of 

the storage are the narrow gap between day and night electricity tariff and the 

lower share of renewable power in the grid at the selected location. With the 

selected location for the simulation, the indirect air-free cooling provides about 

66% of cooling energy of the Data Centre and the remaining cooling load is 

supplied by the chiller. About 63% of the chilled water produced by the chiller is 

being temporarily stored in the storage and the rest is used directly to dissipate 

the waste heat of the AHU unit. The AHU seems to have a maximum contribution 

on the total cooling energy demand of Data Centre. The internal energy change of 

the storage indicates that the operation of the storage is not 100% optimum. 
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Figure 3.53 Sankey chart showing the distribution of average energy flows per year within 

different subsystems of concept 7 for scenario 3, (Boundary condition: Frankfurt, 400 kW 

IT power capacity, RES = 0.26) 

Concept 8: Grid-fed vapour-compression chiller with Li-ion electric 

batteries  

Figure 3.54 depicts the distribution of the average energy flows per year within 

the different subsystems of concept 8. The location for the simulation is Frankfurt 

and the parameters from the scenario 3 are applied. The concept uses a battery 

and the electrical power required to charge the battery is purchased from the 

national grid. About 22% of the imported electricity is stored temporarily in the 

battery. As the selected location is identical to that of the concept 7, the cooling 

power supplied by the free cooling strategy is same as in concept 7. 
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Figure 3.54 Sankey chart showing the distribution of average energy flows per year within 

different subsystems of concept 8 for scenario 3, (Boundary condition: Frankfurt, 400 kW 

IT power capacity, RES = 0.26) 

Concept 9: Syngas reciprocating engine CHP with absorption chiller 

Figure 3.55 depicts the distribution of the average energy flows per year within 

the different subsystems of concept 9. The location for the simulation is Frankfurt 

and the parameters from the scenario 3 are used. The excess electricity produced 

by the CHP system is fed in to the national grid. The chart shows that the indirect 

air free cooling covers around 66% of the total cooling power demand of the Data 

Centre and the rest is covered by the chiller. Of the total fuel consumed, the CHP 

plant generates 23,4% electricity and 25% heat. Only 18.5% of the useful heat 

produced by the CHP system is supplied to the absorption chiller to produce the 

cooling energy and the rest is fed in to the space heating. The operation of the 

absorption chiller and vapour compression chiller and the issues are the same as 

concept 3. 
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Figure 3.55 Sankey chart showing the distribution of average energy flows per year within 

different subsystems of concept 9 for scenario 3, (Boundary condition: Frankfurt, 400 kW 

IT power capacity, RES = 0.26) 

Concept 11: Solid biomass based steam turbine with absorption chiller 

Figure 3.56 depicts the distribution of the energy flows per year within the different 

subsystems of concept 11. The location for the simulation is Frankfurt and the 

parameters from the scenario 4 are applied. The energy flows in the Data Centre 

for this concept is similar to the one in concept 9. However, here the heat is fed 

into a district heating system. The excess electricity produced by the CHP system 

is fed in to the national grid. The chart shows that the indirect free cooling covers 

around 66.9% of the total cooling power demand of the Data Centre and the rest 

is covered by the chiller. The CHP plant generates 20.4% electricity and 29% heat. 

Only 18.4 % of the useful heat produced by the CHP system is supplied to the 

absorption chiller to produce the cooling energy and the rest is fed in to the space 

heating. The operation of the absorption chiller and vapour compression chiller and 

the issues are the same as concept 3. 



Advanced concepts and tools for renewable energy supply of IT Data Centres 
RenewIT - Project number: 608679 

 
 

D4.5 Catalogue of advanced technical concepts for Net Zero Energy Data Centres 

 

Page 180 of 319 

  

 

Figure 3.56 Sankey chart showing the distribution of average energy flows per year within 

different subsystems of concept 11 for scenario 4, (Boundary condition: Frankfurt, 2000 

kW IT power capacity, RES = 0.26) 

Concept 12: Wave power and free cooling with seawater 

Here, the location is Stockholm and the parameters used for the simulation are 

from the scenario 4. Figure 3.57 shows the distribution of the average energy flows 

per year within the different subsystems of concept 12. It is visible that as the 

generated power is not sufficient, electricity is imported from the grid and only a 

little fraction of the electricity is exported to the grid as one part of the electricity 

generated by the wave power is not self-consumed. All the required cooling energy 

is supplied by the seawater cooling.  



Advanced concepts and tools for renewable energy supply of IT Data Centres 
RenewIT - Project number: 608679 

  
 

D4.5 Catalogue of advanced technical concepts for Net Zero Energy Data Centres 

  Page 181 of 319 

   

 

Figure 3.57 Sankey chart showing the distribution of average energy flows per year within 

different subsystems of concept 12 for scenario 4, (Boundary condition: Stockholm, 2000 

kW IT power capacity, RES = 0.62) 

Concept 13: Free cooling with aquifer thermal energy storage 

The location is Amsterdam in this system and the parameters from the scenario 4 

are applied. Figure 3.58 shows the distribution of the average energy flows per 

year within the different subsystems of concept 13. Here, all the required electricity 

of the Data Centre is purchased from the national grid. It is visible that the 

contribution of the free cooling is high compared to the ATES in the total cooling 

energy requirement. Therefore, the poor performance of the ATES in the shown 

case could be due to the dissipation of the waste heat of the Data Centre mostly 

by free cooling. It is observed that cooling the Data Centre with free cooling for 

the longer duration is not an ideal strategy if the purpose is to feed the heat into 

district heating network. 
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Figure 3.58 Sankey chart showing the distribution of average energy flows per year within 

different subsystems of concept 13 for scenario 4, (Boundary condition: Amsterdam, 2000 

kW IT power capacity, RES = 0.1) 

Concept 14: Grid-fed vapour-compression chiller with electrical energy 

and chilled water storages 

Here, the location is Frankfurt and the parameters for the simulation from the 

scenario 4 are used. It is visible in the Figure 3.59 that both the thermal and the 

electrical storage systems fulfil only the fraction of the total energy required by 

the Data Centre. About 16.9% of the imported electricity is stored temporarily in 

the battery. The share of the indirect free air-cooling in the cooling energy demand 

of the Data Centre is 66% and the remaining cooling load is supplied by the chiller. 

About 64% of the chilled water produced by the chiller is being temporarily stored 

in the storage and the rest is used directly to dissipate the waste heat of the AHU 

unit. 
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Figure 3.59 Sankey chart showing the distribution of average energy flows per year within 

different subsystems of concept 14 for scenario 4, (Boundary condition: Frankfurt, 2000 

kW IT power capacity, RES = 0.26) 

Concept 15: Biogas fuel cell with absorption chiller 

As in the previous concepts that are based on CHP system, the location for the 

simulation is Frankfurt. The parameters used for the simulation are used from the 

scenario 4. Figure 3.60 shows the distribution of the average energy flows per year 

within the different subsystems of concept 15. The excess electricity produced by 

the CHP system is fed in to the national grid. The CHP plant generates 56% 

electricity and 32% heat. Only 18.4% of the useful heat produced by the CHP 

system is supplied to the absorption chiller to produce the cooling energy and the 

rest i.e., 81.6% of the useful heat, is used for the space heating. The free cooling 

energy covers about 66% of the total cooling energy demand of the Data Centre. 

The operation of the absorption chiller and vapour compression chiller and the 

issues are the same as concept 3. 
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Figure 3.60 Sankey chart showing the distribution of average energy flows per year within 

different subsystems of concept 15 for scenario 4, (Boundary condition: Frankfurt, 2000 

kW IT power capacity, RES = 0.26) 

Concept 16: Grid-fed vapour compression chiller with lead acid batteries 

and ice storage 

The location, the scenario and the energy flows of this concept are identical to that 

of concept 14. Figure 3.61 shows the distribution of the average energy flows per 

year within the different subsystems of concept 15. About 17% of the imported 

electricity is stored temporarily in the battery. The share of the indirect free air-

cooling in the cooling energy demand of the Data Centre is 66% and the remaining 

cooling load is supplied by the chiller. About 49% of the chilled water produced by 

the chiller is being temporarily stored in the storage and the rest is used directly 

to dissipate the waste heat of the AHU unit. 
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Figure 3.61 Sankey chart showing the distribution of average energy flows per year within 

different subsystems of concept 16 for scenario 4, (Boundary condition: Frankfurt, 2000 

kW IT power capacity, RES = 0.26) 

3.6 ANALYSIS OF SIMULATION RESULTS  

In this section, the performance of the concepts are analysed with the variation of 

the Data Centre’s sizes and the locations. The energetic and the financial 

performance of each concept were compared with the used of the following 

metrics: 

 Normalized19 non-renewable Data centre primary energy (𝑃𝐸𝐷𝐶,𝑛𝑟𝑒𝑛/

𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟) 

 Normalized capital expenditure (𝐶𝐴𝑃𝐸𝑋/𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟) 

 Normalized operating expenditure (𝑂𝑃𝐸𝑋/𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟) 

 Normalized total cost of ownership (𝑇𝐶𝑂/𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟) 

 Power usage effectiveness (𝑃𝑈𝐸) 

                                       
19 A normalised metric means that the standard metric is divided by the IT power capacity 

of the Data Centre in kW. 
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 Renewable energy ratio (𝑅𝐸𝑅) 

 IT Capacity Credit 

During the sensitivity analysis of the simulations for identifying the most important 

parameters for the RenewIT tool, the location and the IT power capacity are 

identified as the two of the most influential parameters. Due to space constraints, 

only the results from the variation of these two parameters will be shown in this 

report.  

3.6.1 IT POWER CAPACITY 

The performance of the Data Centre is investigated by varying the capacity of the 

Data Centre from 24 to 5000 kW in 20 equivalent steps. For the simulation, all 

other parameters of each concept remain unchanged and are assigned with the 

values according to the scenarios described in the previous section (3.4). For 

example, parameters representing the location, type of the free cooling strategies, 

and the level of redundancy of each concept are identical as mentioned in the 

concept description chapter.  

In order to analyse the results of the simulations, concepts are categorised into 4 

different groups based on the source of the cooling and the electrical energy of 

Data Centre and the availability of the energy storage system in the Data Centre. 

Therefore, in addition to the evaluation of the individual concept in term of the 

energetic and the financial performance, comparison between the concepts 

belonging to the same category can be made with this approach.  

Table 3.25 Categorization of the concepts for the evaluation of the simulation results 

Groups Concepts20 

Concept based on CHP systems 3, 9, 11 and 15 

Concept related to the renewable energy generation 6, 12 and 13 

Concept based on energy storage system 1, 7, 8, 14 and 16 

Concept related to the alternative technologies 4 and 5 

 

                                       
20 During the analysis of the concepts, in the figures concepts are denoted by ‘SCH’. 

 



Advanced concepts and tools for renewable energy supply of IT Data Centres 
RenewIT - Project number: 608679 

  
 

D4.5 Catalogue of advanced technical concepts for Net Zero Energy Data Centres 

  Page 187 of 319 

   

Concepts based on CHP system: 

The simulation results of the concepts based on the CHP system are depicted in 

Figure 3.62 to Figure 3.66. Table 3.26 shows the parameters of the concept used 

in the simulations. At first, concepts are evaluated in terms of the non-renewable 

primary energy consumption per nominal IT power of the Data Centre  

(Figure 3.62). The performance of the concepts are analysed in the capacity range 

between the 24 and 5000 kW Data Centre. The concept with the syngas 

reciprocation engine CHP (Concept 9) has the lowest 𝑃𝐸𝐷𝐶,𝑛𝑟𝑒𝑛 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 

among the concepts based on the CHP system. It is visible that due to the 

correlations for sizing the CHP systems of the Data Centre, changing the Data 

Centre size does not have any significant influence on the 𝑃𝐸𝐷𝐶,𝑛𝑟𝑒𝑛 /

 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟. This makes it possible to vary both the size of the Data Centre 

and the percentage of renewable energy from the CHP system independently. It is 

important to notice that the different energy sources have different conversion 

factors. For example, the conversion factor of biogas is 10 times higher than that 

of the biomass. Therefore, concept 9 that consumes biomass to generate heat and 

power, has the lower non-renewable primary energy consumption when compared 

with the concept that consumed biogas. 

Figure 3.63 shows the evaluation of the concepts based on CHP system with the 

variation of the Data Centre capacity in terms of the 𝐶𝐴𝑃𝐸𝑋 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟. The 

𝐶𝐴𝑃𝐸𝑋 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 decreases significantly as the size of the Data Centre 

increases from 24 to 286 kW for all the concepts. Concept with the biogas fuel cell 

shows the highest decline in the 𝐶𝐴𝑃𝐸𝑋 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 i.e., capital expenditure 

of Data Centre fall up to 73% when the Data Centre size is increased from 24 to 

250 kW. However the 𝐶𝐴𝑃𝐸𝑋 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 does not vary significantly for all 

the concepts with the increase of the capacity from the 286 kW onwards. The same 

pattern of the variation is observed for the 𝑇𝐶𝑂 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 of the Data 

Centre (Figure 3.64).  

The PUE of the concepts based on the CHP system remains constant with respect 

to the increase of the Data Centre capacity (Figure 3.65). The higher value of the 

PUE in the concept 9 indicates that the exported heat in this case is higher than 

the other concepts. The reason for this is as mentioned the accounting rules by 

draft standards proposal for PUE [77]  that do not allow the subtraction of sold 

heat from the energy demand of the Data Centre. Among other concepts, concept 

9 seems to have a higher value of RER with the increase in the IT power capacity 

(Figure 3.66). The RER of the concepts remains constant with the variation of the 

IT power capacity. 
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Table 3.26 Parameters of concepts based on CHP systems in the simulations 

Concept Location Size of ABCH related to the IT 

power capacity [%] 

Average Grid RER 

[-] 

3 Frankfurt 20 0.26 

9 Frankfurt 20 0.26 

11 Frankfurt 20 0.26 

15 Frankfurt 20 0.26 

  

Figure 3.62 Evaluation of the concepts based on CHP system with the variation of the IT 

Capacity; PEDC,nren / Nominal IT Power 

 

Figure 3.63 Evaluation of the concepts based on CHP system with the variation of the IT 

Capacity; CAPEX / Nominal IT Power 
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Figure 3.64 Evaluation of the concepts based on CHP system with the variation of the IT 

Capacity; TCO / Nominal IT Power 

 

Figure 3.65 Evaluation of the concepts based on CHP system with the variation of the IT 

Capacity; PUE 

 

Figure 3.66 Evaluation of the concepts based on CHP system with the variation of the IT 

Capacity; RER 
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Concepts related to the renewable energy generation 

In this section, at first the evaluation of the concepts 6, 12 and 13 in terms of the 

𝑃𝐸𝐷𝐶,𝑛𝑟𝑒𝑛 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 with the variation of the Data Centre capacity, i.e., from 

24 and 5000 kW is presented (Figure 3.67). Table 3.27 shows the parameters of 

the concepts used in the simulations. The 𝑃𝐸𝐷𝐶,𝑛𝑟𝑒𝑛 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 of the 

concepts 12 and 13 does not change significantly with correspond to the increase 

of the IT power capacity. On the other hand, concept 6 shows the lower 

consumption of the primary energy as compared to the other two concepts for the 

same IT power capacity. In addition, the primary energy consumption of the 

concept 6 decreases significantly from 24 to 1333 kW IT power capacity and it 

remains unchanged with the rise of the IT power capacity then after. It is visible 

that at the IT power capacity of 5000 kW, the 𝑃𝐸𝐷𝐶,𝑛𝑟𝑒𝑛 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 of the 

concept 6 is 40% and 45% lower than that of the concepts 13 and 12 respectively. 

The evaluation of the concepts in terms of the 𝐶𝐴𝑃𝐸𝑋 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜wer and the 

𝑇𝐶𝑂 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 shows that IT power capacity higher than 500 kW has no 

significant influence on the financial performance of the concept. However, the 

effect of the IT power capacity is distinct for the smaller size Data Centre. With the 

increase of the Data Centre sizes from 286 kW, concept 12 (wave power and the 

seawater cooling) has the higher values of the financial metrics IT as compare to 

other two concepts (Figure 3.68 and Figure 3.69).  

Figure 3.70 shows the PUE of all the concepts decreases with rise of the IT power 

capacity. The high PUE for concept 12 is due to lack of time to finish the 

optimization and shows that even though the concept has a lot of potential, the 

performance of the concept depends very much on the operating strategy21. In 

Figure 3.71, it is seen that the RER of the concept 6 rises with the increase of the 

IT power capacity. This is because the amount of the generated electricity by the 

renewable sources also increases simultaneously with the enlargement of the Data 

Centre sizes and the purchase of the electricity from the national grid will 

decreases. The concepts 12 and 13 show the value of the RER does not change 

significantly with the rise of the IT power capacity. 

                                       
21 Concept 12 will not appear in the RenewIT Tool and therefore the results will not impact 

the results of the tool. 
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Table 3.27 Parameters of the renewable energy generation concepts in the simulations 

Concept Location PV 

scale22 

[-] 

Wind tur-

bine scale23 

[-] 

Buoys 

scale24  

[-] 

Average  

Grid RER  

[-] 

6 Barcelona 92 81 - 0.36 

12 Stockholm - - 104 0.62 

13 Amsterdam - - - 0.10 

 

Figure 3.67 Evaluation of the concepts related to the renewable energy generation with 

the variation of the IT Capacity; PEDC,nren / Nominal IT Power 

                                       
22 It refers to the ratio between the peak power capacity of the PV installed and the IT 

power capacity 

23 It refers to the ratio between the peak power capacity of the wind turbine installed and 

the IT power capacity 

24 It refers to the ratio between the peak power capacity of the wave power installed and 

the IT power capacity 
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Figure 3.68 Evaluation of the concepts related to the renewable energy generation with 

the variation of the IT Capacity; CAPEX / Nominal IT Power 

 

Figure 3.69 Evaluation of the concepts related to the renewable energy generation with 

the variation of the IT Capacity; TCO / Nominal IT Power 

 

Figure 3.70 Evaluation of the concepts related to the renewable energy generation with 

the variation of the IT Capacity; PUE / Nominal IT Power 
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Figure 3.71 Evaluation of the concepts related to the renewable energy generation with 

the variation of the IT Capacity; RER / Nominal IT Power 

Concepts based on energy storage system 

Among the concepts that are based on the energy storage system, only the 

concept 1 has a renewable energy generation system, i.e. PV panels. The other 

concepts import the required power from the grid. The first chart shows the 

𝑃𝐸𝐷𝐶,𝑛𝑟𝑒𝑛/𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 (Figure 3.72). The parameters of the concepts used in 

the simulations are shown in Table 3.28. With the increase of the IT power 

capacity, the 𝑃𝐸𝐷𝐶,𝑛𝑟𝑒𝑛/𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 decreases marginally for all the concepts 

except concept 1. The influence of the increase of the IT power capacity on the 

𝑃𝐸𝐷𝐶,𝑛𝑟𝑒𝑛/𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 is negligible for the concept 1. In addition, it can be seen 

in Figure 3.72 that the concept 1 consumes half the primary energy per nominal 

IT power capacity as compare to other concepts.  

The concept 16 which have both the thermal and the electrical storages shows the 

highest 𝐶𝐴𝑃𝐸𝑋 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜wer  and it is followed by the concept 1 (Figure 3.73). 

For all the concepts, the 𝐶𝐴𝑃𝐸𝑋 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜wer decreases strongly with the rise 

of the capacity from 24 to 286 kW. With the rise of the capacity from 286 kW 

onwards the influence of the IT power capacity on the metric decreases and the 

metric is almost constant. Figure 3.74 shows the variation of the 𝑇𝐶𝑂 /

 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 with the rise of the IT power capacity of the concepts. The pattern 

of the variation of the metric is same as in Figure 3.73. The concept 16 has the 

highest 𝑇𝐶𝑂 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 and the  𝑇𝐶𝑂 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 is lowest for the 

concept 1.  

Figure 3.75 and Figure 3.76 depict the variation of the PUE and the RER of the 

concepts with respect to the IT power capacity respectively. Here, the concepts 

are seen to be separated into two distinctive groups. One is the concepts 1 and 7 

(include only thermal storage) and these concepts have the lower value of the PUE 

than the other groups of concepts which are based on the electrical and the thermal 
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storages. Concept 1, which have the PV systems, depicts a high value of RER as 

compare to other concepts which have only the energy storage systems. 

Table 3.28 Parameters of the concepts based on energy storage system in the simulations 

Concept Location Storage Tank 

Size [hr] 

PV scale 

[-] 

Average Grid  

RER [-] 

1 Barcelona 14 185 0.36 

7 Frankfurt 14 - 0.26 

8 Frankfurt - - 0.26 

14 Frankfurt 14 - 0.26 

16 Frankfurt 14 - 0.26 

 

 

Figure 3.72 Evaluation of the concepts based on energy storage with the variation of the 

IT Capacity; PEDC,nren / Nominal IT Power 
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Figure 3.73 Evaluation of the concepts based on energy storage with the variation of the 

IT Capacity; CAPEX / Nominal IT Power 

 

Figure 3.74 Evaluation of the concepts based on energy storage with the variation of the 

IT Capacity; TCO / Nominal IT Power 

 

Figure 3.75 Evaluation of the concepts based on energy storage with the variation of the 

IT Capacity; PUE / Nominal IT Power 
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Figure 3.76 Evaluation of the concepts based on energy storage with the variation of the 

IT Capacity; RER / Nominal IT Power 

Concepts based on alternative technologies 

The remaining two concepts among the 14 concepts are categorized into the group 

named as alternative technologies. Table 3.29 shows the parameters of the 

concepts used in the simulations. Here, the performance of the concept 4 which 

uses chilled water from a district cooling system for air-cooling of the Data Centre 

and the concept 5 where the cooling towers are used to produce cooling energy 

are analysed. At first the energetic performance of the concepts are analysed. The 

variation of the IT power capacity seems to have a no influential on the primary 

energy consumption of the concepts (Figure 3.77). Similarly, PUE (Figure 3.78) 

and RER (Figure 3.79) of the concepts remain unchanged with the variation of the 

IT power capacity. The financial evaluation of the concepts depicts both the 

𝐶𝐴𝑃𝐸𝑋 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 (Figure 3.80) and the 𝑇𝐶𝑂 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 (Figure 

3.81) metrics decreases significantly with the rise of the IT power capacity in the 

range of 24 to 300 kW. Then after, with the rise of the IT power capacity of the 

concepts both the metrics decrease marginally. Therefore, the cost of the system 

with IT power capacity greater than 1500 kW (both capital and the global cost per 

kW nominal IT power) is almost the same and it is not affected by the increased 

in the size of the system.  
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Table 3.29 Parameters of the concepts based on alternative technologies in the simulations 

Concept Location Average Grid RER [-] 

4 Frankfurt 0.26 

5 Stockholm 0.62 

 

Figure 3.77 Evaluation of the concepts based on alternative technologies with the 

variation of the IT Capacity; PEDC,nren / Nominal IT Power 

 

Figure 3.78 Evaluation of the concepts based on alternative technologies with the variation 

of the IT Capacity; PUE / Nominal IT Power 
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Figure 3.79 Evaluation of the concepts based on alternative technologies with the variation 

of the IT Capacity; RER / Nominal IT Power 

 

Figure 3.80 Evaluation of the concepts based on alternative technologies with the variation 

of the IT Capacity; CAPEX / Nominal IT Power 
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Figure 3.81 Evaluation of the concepts based on alternative technologies with the variation 

of the IT Capacity; TCO / Nominal IT Power 

3.6.2 LOCATION 

As described the second of the important parameters is the location, which is one 

of the driving force behind the results. Location determines many input variables 

of the simulation that effect system performance. The most important are: 

 Environmental conditions, strongly related with free cooling potential 

 Electricity price profile 

 Grid RER factors 

Therefore, in this section, the performance of each concept is investigated 

considering the different locations. For the analysis of the concepts 20 different 

locations have been considered (Table 3.30). These European cities were selected 

taking in account of the climates zones as proposed in Köppen climate classification 

[78], such as dry, temperate, continental, polar and tropical climates. During the 

simulation, the other parameters of each concept are unchanged and are assigned 

with the values as stated in the section 3.4. 

Figure 3.82 to Figure 3.86 depict the results of the simulation of each concept with 

the variation of the location. The results are illustrated in a boxplot25 where the 

distribution of the selected metrics based on the locations for each scheme is 

presented. Similarly as in the previous analysis, concepts are categorised into 4 

different groups based on the source of the cooling and the electrical energy of 

Data Centre and the availability of the energy storage system in the Data Centre. 

Concepts based on the renewable energy generation are labelled “RES” and 

coloured in green. Concepts that integrate CHP plants are labelled “CHP” and 

                                       
25 Boxplots are a very compact way to visualize data. The dots represent outliers. The 

vertical line at the bottom is the bottom quartile of the data, the box itself covers the 2nd 

and 3rd quartile and the vertical line on top of the box covers the top quartile of the data. 
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coloured in red. The concepts in purple and labelled “TES and EES” are based on 

the thermal or electrical energy storage. The concepts based on the alternative 

technologies such as the district cooling network and the evaporative cooling are 

labelled “Other” and coloured in blue. 

At first, the boxplot of the distribution of the non-renewable primary energy 

consumption per nominal IT power for each scheme is shown. As it can be seen in 

the Figure 3.82 that the 𝑃𝐸𝐷𝐶,𝑛𝑟𝑒𝑛/𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 of each concept varies 

depending on the location of Data Centre. In addition, the figure shows that the 

effect of the location on the primary energy consumption of each concept is 

different from one another. Concepts that have thermal or electrical storage show 

a higher consumption of the primary energy compare to other concepts. However, 

the consumption of the primary energy is lower for the concept 1 among the 

energy storage systems, as it is incorporated with the renewable energy 

generation, i.e. the PV system. In addition, this concept has the higher variation 

of the output metric and this indicates that the selection of the location has 

significant effect on the energy consumption of the concept. On the other hand, 

concepts 12 and 13 show a negligible effect on the environmental metric with the 

variation of the location. All the concepts with a CHP system exhibit low energy 

consumption among other groups and it is seen that the locations have influence 

on the primary energy consumption of the schemes. Concept 6 has the negative 

𝑃𝐸𝐷𝐶,𝑛𝑟𝑒𝑛/𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 which indicates that the concept generates higher 

energy than required for the Data Centre and thus the quantity of the on-site 

generation is greater than the delivered amount. 

Next, the concepts are evaluated in terms of the 𝑂𝑃𝐸𝑋 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 for a 

lifetime of 15 years with the variation of the locations (Figure 3.83). The results 

show that most of the concepts have the 𝑂𝑃𝐸𝑋 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 between 20,000 

and 30,000 €/kW. The wide distance of the box in the concepts 1 and 6 depicts 

that the 𝑂𝑃𝐸𝑋 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 is very much dependent on the location of the 

concept. By the concepts 4, 12 and 13, the boxes are compact and densely 

populated and this indicated the 𝑂𝑃𝐸𝑋 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 of the concepts is not 

effected by the selection of the location. 

In addition to the 𝑂𝑃𝐸𝑋 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟, the concepts are evaluated in terms of 

the other financial metric, 𝑇𝐶𝑂 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 with the variation of the location 

of Data Centre for a lifetime of 15 years. It is seen in the Figure 3.84 that the 

𝑇𝐶𝑂 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 is different for each concept. The large variation of the 

output is observed in the scheme 6 and this is followed by the scheme 1. Therefore, 

as in the analysis of the 𝑂𝑃𝐸𝑋 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟, the effect of the variation of 

location on the metric is significant for the concept 1 and 6 and the effect is 

minimum for the concepts 4, 12 and 13. It should be noted that the costs are still 
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under study and depend very much on technology, size of the Data Centre and 

location. 

Table 3.30 European cities selected for the concept analysis 

City Country 
Climate 

 Zone 

Almeria ALM Spain Dry 

Madrid MAD Spain Dry 

Valencia VAL Spain Dry 

Bergen BGO Norway Polar and Alpine 

Innsbruck INN Austria Polar and Alpine 

Zurich ZRH Switzerland Polar and Alpine 

Belgrade BEG Serbia Continental 

Kaunas KUN Lithuania Continental 

Kiev KBP Ukraine Continental 

Stockholm STK Sweden Continental 

Warsaw WAW Poland Continental 

Amsterdam AMS The Netherlands Temperate 

Barcelona BCN Spain Temperate 

Edinburgh EDI Scotland Temperate 

Frankfurt FRA Germany Temperate 

Milano MIL Italy Temperate 

London LON UK Temperate 

Paris PAR France Temperate 

Porto OPO Portugal Temperate 

Seville SVQ Spain Temperate 
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Figure 3.82 Evaluation of the concepts with respect to the non-renewable primary energy 

/ Nominal IT Power with the variation of the location 

 

Figure 3.83 Evaluation of the concepts with respect to the OPEX / Nominal IT Power with 

the variation of the location for a lifetime of 15 years 
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Figure 3.85 shows the concepts based on the CHP system have higher PUE among 

the other concepts. This is because the rejected heat of the system is not counted 

in the PUE calculation. It is seen in the figure that the length of box for most of 

the concept is equal and this indicates that the influence of the variation of the 

location on the PUE is identical for each concept. However, concept 4 (district 

cooling) depicts the highest and concept 12 (seawater and wave power) the lowest 

variation on the PUE with respect to the location. 

 

Figure 3.84 Evaluation of the concepts with respect to the TCO / Nominal IT Power with 

the variation of the location for a lifetime of 15 years 

Next, the concepts are evaluated based on the RER with the variation of the 

location and the results are depicted in Figure 3.8626 and Figure 3.87. The 

distribution of the RER in concepts 1 and 6 is found to be very wide and large. The 

generation of the electrical energy by these concepts is very much dependent on 

the availability of the renewable energy and the location determines the 

environmental conditions and a renewable share in the power purchased from the 

grid. Higher values of the RER are found with the concepts based on CHP system 

and the concepts that import energy from the grid have the lowest RER. The 

                                       
26 The negative RER in the concept 6 is due to the presence of the very high wind energy 

in the location Edinburgh. Further optimisation of the size of the wind turbines is needed 

in order to have a reasonable result. 



Advanced concepts and tools for renewable energy supply of IT Data Centres 
RenewIT - Project number: 608679 

 
 

D4.5 Catalogue of advanced technical concepts for Net Zero Energy Data Centres 

 

Page 204 of 319 

  

location seems to have no effect for the concepts 4, 5, 12 and 13 on the RER of 

the Data Centre. 

 

Figure 3.85 Evaluation of the concepts with respect to the PUE with the variation of the 

location 

 

Figure 3.86 Evaluation of the concepts with respect to the RER with the variation of the 

location 
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Figure 3.87 Evaluation of the concepts with respect to the RER with the variation of the 

location with the enlargement of the scale on the y-axis compared to the Figure 3.86 

 

Figure 3.88 Evaluation of the concepts with respect to the IT installed capacity credit with 

the variation of the location 

The effect of the variation of the locations across all schemes on the IT installed 

capacity credit is shown in Figure 3.88. The results show that the IT installed 
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capacity credit for all the schemes except scheme 4 is 20% and for scheme 4 is 

15%. These values indicate that in all the schemes, the grid connection capacity 

can be reduced compared to a reference case. 

In the next section, concepts are evaluated in terms of the primary energy 

consumption (Figure 3.89), the RER (Figure 3.90) and the PUE (Figure 3.92) 

considering the different climate zones (as shown in Table 3.22). In Figure 3.89, 

it is seen that the influence of the location on the primary energy consumption for 

the concepts 1 and 6 (PV and wind power) is higher as compared to other concepts. 

The highest difference in the primary energy consumption of the concept is seen 

in the scheme 6 where the lowest value of the 𝑃𝐸𝐷𝐶,𝑛𝑟𝑒𝑛/𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 is  

-13250 kWh/kW at Edinburgh and the highest value is 21500 kWh/kW at Milano. 

This is because the availability of the wind energy is different at these locations. 

The negative value of the primary energy consumption at Edinburgh indicates 

bigger generation of the primary energy than required for the Data Centre and 

thus, an export of the excess energy. It is seen that the performance of the concept 

varies also within the same climate zone. The highest 𝑃𝐸𝐷𝐶,𝑛𝑟𝑒𝑛/𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 is 

observed by the concept 8 which imports all the required energy from the national 

grid and the lowest by the concept 9 which is based on syngas fed CHP. 

 

Figure 3.89 Effect of the location on the primary energy consumption of the concepts 

As in the previous case, in Figure 3.90 and Figure 3.91, it is seen that the influence 

of the location on the RER is high for the concepts 1 and 6 as compared to other 

concepts. Most of the concepts have only marginal effect on the RER with the 
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variation of the location. Only concept 6 has the highest RER value of 87% at Porto 

whereas most of the concepts have the RER below 60% at all the locations. The 

highest RER values are seen with the concepts which are based on the CHP systems 

and followed by the concepts which are based on own power generation from 

renewable resources. The concepts which purchased all the required power from 

the national grid have the lowest RER values.  

In Figure 3.92, the PUE of the concepts at the different locations of the Europe is 

presented. It is visible that the PUE is high for the concepts in the dry climate zone, 

such as ALM, MAD and VAL. Whereas the PUE is low for the concepts located in 

the polar (BGO, INN and ZRH) and continental (BEG, KUN, KBP, STK and WAW) 

climate zones. This indicates polar and continental climate zone are suitable to 

establish a Data Centre in order to have a better PUE value. The PUE of the concept 

in the temperate climate zone can have different values depending on the loca-

tions. Most of the concepts have the PUE values in the range between 1.36 and 

1.92 at the different climate zones. Only the concept 12 (wave power and seawater 

cooling) has the PUE value of 2.09 at all the locations.

 

Figure 3.90 Effect of the location on the RER of the concepts 
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Figure 3.91 Effect of the location on the RER of the concepts with the enlargement of the 

scale on the y- axis compared to the Figure 3.90 

 

Figure 3.92 Effect of the location on the PUE of the concepts 
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4 CONCLUSIONS 

Net Zero Energy Data Centres require a holistic approach, which combines 

extensive energy efficiency measures with renewable energy supply. Both 

electrical loads and cooling loads have to be reduced as much as possible in order 

to apply renewable energy technologies for supplying the minimised load. 

Load reduction is achieved by energy efficiency strategies related to the building 

envelope, IT management, power and cooling distribution as well as waste heat 

reuse. As far as the building envelope is concerned, proposed strategies include 

minimising solar heat gains through walls, windows and the roofs, to increase heat 

losses from the white space to the ambient and to optimise the thermal capacity 

of the building. In an example presented in section 2.1, the annual cooling energy 

demand of the Data Centre can be reduced by 10% due to an optimised building 

envelope. 

As all electricity supplied to the IT hardware finally gets converted into heat, 

reducing the IT power demand leads both to a reduced electrical load and a 

reduced cooling load. Thus, IT consolidation policies should be applied which can 

reduce the Data Centre energy demand by 15-30% (see section 2.2). Additionally, 

IT workloads could be shifted according to the availability of renewable energy 

resources in terms of time.  

For distributing the required electric power efficiently, four advanced technical 

concepts are proposed. These include several aspects from the point of view of 

electrical engineering: from the exploration of advanced operating rules for 

modular UPSs to the enhancement of the UPS capabilities with oversized power 

converter. The potential of all these concepts to reduce costs and improve energy 

efficiency has been briefly explained and analysed. 

In general terms, and according to the simulation calculations presented in section 

2.3, the proposed electrical concepts could noticeably improve energy efficiency of 

Data Centres. In order to quantify the benefits of these concepts, wide ranges of 

scenarios have been tested. Mainly these scenarios vary the IT power demand of 

the Data Centre (from 50 to 10000 kW), the IT load profile (WEB and HPC) and 

the redundancy of the electrical scheme (redundancy level I to redundancy level 

III or IV). Additionally, in the bypass profile different grid power quality have been 

tested because not all the countries in Europe will have the same grid power 

quality, thus different reduction of losses will be achieved depending on the grid 

power quality. Moreover, the concept with the enhanced UPS converter have been 

tested with different solutions (capacitor banks, reactive control or both 

simultaneously) in order to analyse which strategy will offer more savings. In 

addition, an economic analysis is also performed with each solution, in order to 

deeply understand which option will be more appropriate to implement. 
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The electrical concepts Modular UPS and Bypassed UPS show similar results. In 

both cases, the efficiency of the UPS is increased. In the Modular case, the 

efficiency is increased between 3 and 5% due to the fact that the UPS capacity is 

adjusted to the IT load demand. Therefore, the UPS is working in a higher load 

factor and efficient operational point. The Bypass concept achieves an increment 

of the UPS efficiency between 0.5 and 3% due to the fact that one of the UPS 

converters is bypassed when the grid power quality is adequate. The consortium 

has also analysed the possibility of enhance the UPS capacity to use it as electric 

energy storage (EES). This analysis has been performed using the electrical profile 

for industrial consumers in Spain. The first result shows that nowadays due to the 

high battery prices (150 €/kWh) this concept is not feasible. Moreover, a second 

analysis has been performed with the objective of finding the battery price that 

allows to get benefits with this concept. A theoretical approach of the potential 

savings has set the battery price as 73 €/kWh. In contrast, during simulations this 

value is found between 6 and 104 €/kWh, depending on the scenario analysed. 

Thus, it is highly recommended the study of this concept through dynamic 

simulations in order to avoid possible misunderstanding with the battery charge 

and discharge time that could lead to inadequate results. Finally, the benefits from 

regulating the reactive power in Data Centre have been analysed and these 

regulations are analysed with three solutions where results show that for 

redundancy level I to III, it is worth to implement the reactive control over the 

capacitor bank because the savings are increased. However, redundancy level IV 

does not offer economic benefits as long as this Data Centre has to be designed to 

operate with only one power distribution while it is normally working with two 

power lines in half load factor, thus the usual solution of use capacitor banks will 

be the one which offers best results in this case. 

Data Centres need a lot of energy for cooling, i.e. for removing the heat generated 

by the IT hardware. Six advanced technical concepts are proposed in section 2.4 

which lead to a reduction of the electric energy required for cooling. Free cooling 

and increased allowable IT temperature additionally reduce the load of mechanical 

cooling: With free cooling, heat is transferred actively to the environment without 

using a chiller, while increased IT temperatures lead to increased heat losses 

through the building envelope (passive cooling). 

Further concepts, hot/cold aisle containment and variable airflow cover the 

optimisation of air and chilled water flows by preventing mixing of hot and cold air 

and adapting the volume flow to the load. This leads to increasing return 

temperatures and temperature differences, which are favourable both for 

electricity demand and for heat reuse. Finally, concepts, i.e. partial load with 

redundant or oversized components and highly efficient components deal with 

increasing the efficiency of components as chillers, fans and pumps by running 

them under part-load conditions and by implementing highly efficient products. 
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The final large step after load minimisation by means of efficiency measures is to 

supply the electrical and cooling load efficiently and with a high share of renewable 

energy resources. 18 advanced technical concepts have been proposed in 

chapter 3, which have the potential to minimise the non-renewable primary energy 

demand for supplying both cooling and power or only cooling to Data Centres. The 

supply concepts contain promising energy efficiency strategies as for example the 

integration of electrical and thermal energy storages, combined power and cooling 

generation by means of CHP, and reuse of waste heat from the IT. Heat is reused 

in different ways which include space heating, domestic hot water heating, feed 

into district heating networks, and driving a DEC system. Additionally, all concepts 

include free cooling at least during winter because this is supposed to make sense 

from the energetic point of view at all locations. Furthermore, free cooling is a 

well-known concept and accepted in the industry. 

Some of the proposed concepts are already being applied in Data Centres, e.g. 

cooling based on an aquifer thermal energy storage, reciprocating engine CHP, or 

fuel cells, while others are promising ideas which do not exist in practice yet. As 

far as thermal and electrical storages are concerned, operation and management 

strategies are required for optimal integration into Data Centres and high-energy 

efficiency. These strategies have been developed and incorporated in the concepts. 

The preliminary results show concepts 2, 10, 17 and 18, i.e. solar thermal 

collectors, solar-driven ORC and solar DEC, respectively, have high costs while 

accomplishing comparatively low primary energy savings. Therefore, these 

concepts are not deeply investigated further.  

This deliverable presents a broad range of possibilities for increasing the energy 

efficiency and renewable energy use of Data Centres. In this deliverable, energy 

efficiency strategies for load reduction have been combined with the supply 

concepts in order to investigate the overall performance of Data Centres in detail. 

In the framework of the project, a dynamic energy model has been developed for 

14 concepts using TRNSYS simulation tool. 

First, the energy flows per year within the different subsystems of a concept are 

shown using a Sankey chart for the selected cases. In addition, the feasibility of 

the concepts were analysed according to different IT power capacities and 

geographical locations. 

The simulation results show that the concepts which are based on own power gen-

eration from renewable energy such as concept 1 (PV), concept 6 (PV and wind 

turbines and concepts 3, 9, 11 and 15 (CHP systems) have the lowest (non-re-

newable) primary energy demand per IT power capacity (𝑃𝐸𝐷𝐶,𝑛𝑟𝑒𝑛 /

 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟). In addition, the results show that the location has significant 

effect on the primary energy demand of these concepts. The highest primary en-

ergy demand is observed in the concepts which contain electrical and/or thermal 
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storage and purchase power from the grid (such as concepts 7, 8, 14 and 16). 

Generally, green electricity could be purchased for the case of grid power if the 

aim is to reduce the non-renewable primary energy demand of a Data Centre using 

such a concept. The effect of the IT power capacity on the 𝑃𝐸𝐷𝐶,𝑛𝑟𝑒𝑛 /

 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 is not significant for most of the concepts. However, in concept 

6, the primary energy demand reduces up to 40% as the IT power capacity in-

creased from 24 to 1500 kW and with the further increase in the capacity, the 

primary energy demand reduces only marginally. The reason for this is that for 

example small wind turbines are much more expensive per kW than big turbines. 

The simulation results show that a higher value of renewable energy ratio (RER) 

can be reached particularly by applying CHP technologies and thermal-driven chill-

ers. The concepts that import power from the grid and do not include own power 

generation have a lower RER value. A lower renewable share in the power pur-

chased from the grid limits the RER of the concept compared to own generation. 

Thus, RER value of real Data Centres depend on the location and locating a new 

Data Centre in a country with a high share of renewable energy in the power grid 

is an energy efficiency measure. Moreover, the results show that RER of the con-

cepts is independent of the IT power capacity. However, the RER of the concept 6 

i.e. PV and wind turbines increases with the growth of the IT power capacity. Be-

cause with the enlargement of the IT power capacity, the generation of the renew-

able power will also be increased and less power with a lower renewable share is 

imported from the national grid in order to fulfil the total power requirement of the 

Data Centre. 

Most of the concepts have a power usage effectiveness (PUE) value between 1.32 

and 1.8 and the higher PUE values are seen with the concepts based on the CHP 

systems. The reason for this is as mentioned the accounting rules by draft stand-

ards proposal for PUE [77] that do not allow the subtraction of sold heat from the 

energy demand of the Data Centre. The results show PUE decreases marginally 

with the growth of the IT power capacity and the selection of the location can vary 

the PUE of a concept. The influence of the location on PUE is highest for the concept 

4 i.e. district cooling and the effect is lowest for the concept 12, i.e. seawater 

cooling and wave power. According to the classification of the location in terms of 

the climate zone, the PUE is high in the dry climate zone and the value is low in 

the polar and continental climate zone for most of the concepts. In the temperate 

climate zone, the PUE ranges of the concepts vary widely depending on the exact 

location. 

The results of the economic analysis show that the capital expenditure per IT power 

capacity (𝐶𝐴𝑃𝐸𝑋 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟) of most of the concepts lies in between 5000 

to 20000 €/kW for the range of the IT power capacity analysed. But, concept 15 

(biogas fuel cell) show the 𝐶𝐴𝑃𝐸𝑋 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 of 40358 €/kW at 24 kW IT 
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power capacity and it decreases by 73% as the IT power capacity increased from 

24 to 286 kW. However the 𝐶𝐴𝑃𝐸𝑋 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 does not vary significantly for 

all the concepts with the increase of the capacity from 286 kW onwards. The results 

of the evaluation of the concepts in terms of the operating expenditure  

(𝑂𝑃𝐸𝑋 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟) with the variation of the locations show that most of the 

concepts have the operating expenditure between 20,000 and 30,000 €/kW for a 

lifetime of 15 years. The 𝑂𝑃𝐸𝑋 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟 of the Concepts 1 and 6 i.e. PV 

and wind turbines is found to be very much dependent on the location. For the 

concepts 4, 12 and 13 i.e. district cooling, seawater cooling and ATES, location 

have no effect on the 𝑂𝑃𝐸𝑋 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟. Similarly the results show that most 

of the concepts have the total cost of ownership per IT power capacity 

(𝑇𝐶𝑂 / 𝑁𝑜𝑚𝑖𝑛𝑎𝑙 𝐼𝑇 𝑃𝑜𝑤𝑒𝑟) between 26,000 and 48,500 €/kW. 

Generally, space availability and safety issues are important points related to the 

integration of renewable energy technologies into Data Centres which needs 

further investigation and analysis. 

The wide range of the results and the lack of a single best option show that the 

approach of the RenewIT project with the planned web calculation tool (developed 

in WP6) is correct. Only with such a calculation tool it will be possible to make 

correct recommendations for each individual case. 
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ANNEX A. SUBSYSTEMS FOR ADVANCED 

TECHNICAL CONCEPTS OF COOLING AND 

POWER SUPPLY 

A.1 INTRODUCTION 

In the present annex, descriptions of the subsystems for advanced technical 

concepts of cooling and power supply are provided. The subsystems are divided 

into the following categories: power generation, cooling production, energy 

storage, heat production and waste heat recovery. 

Detailed information on the various technologies can be found in the project 

deliverable 4.1 (Report of different options for renewable energy supply in Data 

Centres in Europe). 

A.2 POWER GENERATION 

A.2.1 PHOTOVOLTAICS  

General description 

The key components of a photovoltaic (PV) power system are various types of PV 

cells (also known as solar cells), which are interconnected and encapsulated to 

form a PV module (the commercial product), the mounting structure for the 

module or array, the inverter (essential for grid-connected systems and required 

for most off-grid systems), the storage battery and charge controller (for off-grid 

systems but also increasingly for grid connected ones). 

The PV modules have to be integrated through structures that can be mounted 

directly onto roofs or integrated in the buildings (Building Integrated PV, BIPV), 

including PV facades, integrated (opaque or semi-transparent) glass-glass 

modules and ‘PV roof tiles’. Tracking systems have recently become more and 

more attractive, particularly for PV utilisation in countries with a high share of 

direct irradiation. By using such systems, the energy yield can typically be 

increased by 25-35% for single axis trackers and by 35-45% for double axis 

trackers compared with fixed systems. However, falling costs in PV cells and 

maintenance criteria might not make them the best option. 
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Scheme 

The scheme of grid connected PV system and overvoltage protection is shown in 

Figure A.0.1. 

 

Figure A.0.1 Example of grid connected PV system and over-voltage protections. PV solar 

system connected to the local switchboard enables self-consumption of PV solar electricity 

Control 

A PV system can be connected to the grid (Grid-tie) or be independent (Off-grid). 

In both cases, a control system is required to regulate and convert the generated 

power. The main element responsible for this task is known as inverter. Grid con-

nected inverters must supply electricity in sinusoidal form AC, synchronised to the 

grid frequency, limit feed-in voltage to not be higher than the grid voltage and 

disconnect from the grid if the grid voltage is turned off. Islanding inverters only 

need to produce regulated voltages and frequencies in a sinusoidal wave-shape as 

no co-ordination or synchronisation with grid supplies is required. 

Calculation 

The operation of PV systems depends on the solar irradiation of the site and the 

technical conditions of the system. Below, a simple methodology for the calculation 

of grid connected PV systems is described. 

The nominal power of a photovoltaic system is the sum of the nominal power of 

the modules. The nominal power is the power delivered by the modules at AM1.5 

(1000 W/m2) radiation and 25 °C of module operation temperature. 

If a module is irradiated by H kWh/m2, the energy of the radiation received by the 

module is equivalent to H hours of normal AM1.5 radiation. Therefore, a first simple 

estimation of the production can be made by: 

E = Pnom·H 
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The equivalent number of hours of normal radiation is available for a large number 

of locations [79]. 

The area required to achieve the desired nominal power depend on the efficiency 

of the PV module in the range of 110 to 145 Wp/m2. 

However, the performance of a system under real operation conditions differs from 

the nominal efficiency of the modules. This performance ratio (PR) of the system 

can be separated in two factors, the performance ratio of the module (PRmod) and 

the performance ratio of the balance of system (PRBOS). With the performance 

ratios, the electric energy (E) produced by the system can be calculated by: 

E = Pnom·PR·H = Pnom·PRmod·PRBOS·H 

Due to sun radiation, the modules operate at a higher temperature than ambient 

temperature and it is necessary to introduce a temperature correction of PR. The 

variation of the module power due to an operating temperature different from 

Standard Test Conditions temperature (25 °C) can be determined by using the 

temperature coefficient of the module power (αPT): 

PRmod = 1+ αPT·(Tamb-25+TNOCT-20) 

The rest of the system components (BOS) also introduce losses. Cabling is respon-

sible for resistive energy losses that usually are kept lower than 1% during the 

design phase. The modern inverters are very efficient and present a small amount 

of losses in the range of 2% to 6%. If there are transformers to change voltages, 

it is also usual to have 2.5% losses for every transformer step. Differences in the 

performance of the modules produce a mismatch loss that is usually in a 1 to 3% 

range. In a linear approximation, all these effects can be introduced as a constant 

PRBOS usually in the 0.85 to 0.90 range. 

Limits of application 

PV systems do not have any specific limitation, except for the space required for 

its installation. However, this technology makes sense only in those locations 

where the radiation levels justify the investment. 

Economic aspects 

The cost in the case of PV largely depends on the size of the plant to be installed. 

The information regarding the differences in costs between the type of system 

installed and the cost of the different components in the global system cost are 

given in [80]. It can be noticed that the percentage of cost of the module in the 

global cost oscillates between a 30% and a 40% of the global cost (0.8–2.3 €/Wp), 

and the trend in the last years is a continuous reduction of costs. In the case of 

Data Centres, when talking about either commercial rooftop or utility mounted on 

the ground (either fixed tilt or one axis tilt), costs can oscillate between 2.3 and 

3.4 €/Wp. 
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A.2.2 WIND TURBINES  

General description 

Wind energy is the conversion of the kinetic energy of wind into a useful form of 

energy, like mechanical energy (pumping) or electricity (through the use of wind 

turbines integrated with electric generators). Wind turbines are the main element 

harvesting this kinetic energy. These can be classified into the following two 

groups: 

 Horizontal axis machine (HWTs): Rotation axis is parallel to wind direction, 

in a similar way as the classic windmills. 

 Vertical axis machine (VWTs): Rotation axis is perpendicular to wind 

direction. The most common types are the Savonius and Darrieus wind 

turbine. 

Actually, horizontal axis generators are most common as electricity generators in 

big wind farms. 

On the other hand, wind turbines placed in urban locations are characterised by a 

lower annual mean wind speed (AMWS) compared with rural areas, and more 

turbulent flow [81]. The lower velocity is caused by the obstructions around the 

turbine that do not allow the wind to increase its velocity. Wind flow becomes 

turbulent because of these obstructions. 

In order to supply energy to a Data Centre, it is important to consider the location 

of the energy production plant. It is clear that HWTs are more efficient than VWTs 

in clear spaces with laminar flow. However, lower wind speeds, turbulent flow and 

variable wind direction (city conditions) can favour the use of VWTs. 

Control 

Flexibility of operation is conditioned to the wind resource at any moment. Wind 

turbines have modern control systems that allow a wide wind speed range with a 

similar power ratio, so there are fewer turbine limitations in flexibility terms. 

Anyway, all the wind turbines present a cut in and cut out speed to work, so 

flexibility is compromised by wind sources. 

Control of the rotational speed of the turbine is done through resistors, 

disorientation or changing the blade angle to avoid accidents if the wind exceeds 

recommended limits. Modern turbines with blades are usually pitch active 

controlled. That means that blades changes their pass angle to reduce wind 

harvesting. There is also another control type that is based in the aero dynamical 

design of the blades, known as stall control. 
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Calculation 

Wind energy depends basically on the capacity of the turbine for harvesting the 

wind power, the maximum amount of power being the amount of kinetic energy 

of the wind, which depends on the area covered by the turbine blades (AR), the 

density of the air (𝜌), the velocity of the wind (V) and the power coefficient (Cp): 

𝑃 =
1

2
𝐶P𝜌𝐴R𝑉3 

However, not all the kinetic energy of the wind can be harvested. The maximum 

physical efficiency of the system according to Betz’s law is 59% of the total kinetic 

energy of the wind. 

High-speed turbines with horizontal axis have a maximum Cp value about 0.4 at 

wind speeds 7 or 10 times greater than for low-speed turbines. A VWT Savonius 

rotor has a maximum Cp value about 0.3 at about 1 m/s wind speed. Darrieus rotor 

has a maximum Cp value greater than Savonius at about 4-6 m/s wind speed. 

In addition to this power coefficient, losses due to mechanical friction and 

electronic converter must be added. The gearbox performance (ηt) is over the 80% 

and the electric generator (ηm) is over the 95%. This means that final electric 

conversion efficiency is between 25-33% in most cases. 

 

Figure A.0.2 Performance of a micro wind turbine Tornado (5 kW) [82] 

In order to know the wind speed on a location, it is necessary to have a probability 

distribution. A variety of probability density functions have been used in literature 

to estimate wind energy potential, but the Weibull function is most widely adopted. 

Using the above expression and the values of Figure A.0.2 and Figure A.0.3, it is 

possible to calculate the power generated during a year. 

 



Advanced concepts and tools for renewable energy supply of IT Data Centres 
RenewIT - Project number: 608679 

 
 

D4.5 Catalogue of advanced technical concepts for Net Zero Energy Data Centres 

Page 232 of 319 

  

 

Figure A.0.3 Wind speed distribution in a station of Montjuïc (Barcelona) [83] 

Limits of application 

Wind turbines location has a big influence on the power range. The mean ratio 

power of the urban HWT is about 9 kW with a rated wind speed about 12 m/s. For 

the urban VWT, the mean ratio power is a bit lower, about 7 kW with a higher 

rated wind speed of 13 m/s. 

The mean ratio power of open source HWT is about 2.3-3.0 MW with a mean rated 

wind speed of 12 m/s. Mean cut in speed is about 3 m/s and cut out speed is about 

24 m/s. 

Offshore HWT mean power ratio is from 3.0 to 8.0 MW. The mean rated wind speed 

is similar than HWT on shore, about 12-13 m/s. The same for the cut in and cut 

out speed, being the main differences not in operation but in structural placement 

and costs. 

Economic Aspects 

The cost of wind power plants depend on the type of placement (onshore/offshore) 

[84]. For onshore technology estimated investment cost is about 1,450 €/kW + 

25% [84]. Cost improvements of this maturing technology through 2050 are not 

expected. Performance improvements due to new technologies in the wind turbine 

are expected until 2030; further improvements are not assumed to be achievable 

after 2030. 
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Table A.0.1 Summary of available wind turbine power ranges 

Location Name Power Range (kW) 

Onshore Micro turbine (very low power) 0-3 

Mini turbine (low power) 3-50 

Meso turbine (medium to high power) 50-1000 

Macro turbine (very high power) 1000-3000 

Offshore Meso turbine (medium to very high power) 50-1000 

Macro turbine (very high power) 1000-8000 

Urban Urban Turbines Vertical Axis 0.025-100 

Urban Turbines Horizontal Axis 0.4-30 

 

For fixed bottom offshore technology, estimations of investment costs are 

2,400 €/kW + 35% [84]. Until 2030, performance and 10% of cost improvement 

are assumed to be achievable.  

Floating platforms offshore wind technologies are suitable in deep water because 

a tower and foundation are not cost effective in this case. This technology is under 

development right now and allows high power production. In 2020, investment 

cost is expected to be 3,000 €/kW + 35% [84]. Cost and efficiency improvements 

of 10% are expected through 2030.  

Urban wind turbines are not as common as the ones described before, so it is more 

difficult to collect cost data. It is assumed that urban wind turbine costs ranges 

from 6,000 €/kW to 10,000 €/kW [85]. Costs can be very variable depending on 

the connection configuration of the urban wind turbines, if their installation is part 

of a stand-alone system, or it is necessary to pay for a grid connection. 

A.2.3 FUEL CELLS  

General description 

Fuel cells (FC) are electrochemical devices that convert the chemical energy of 

fuel, such as natural gas or hydrogen, into direct current and heat energy without 

any combustion (but oxidation) process. The produced electricity can be used to 

power Data Centres and heat can be used to produce steam for CHP plant or for 

cooling purposes through absorptions chillers. The working temperature of fuel cell 

varies from -10 °C [86] to 1000 °C [87] and the total efficiency can reach up to 

90% if heat is used, depending on the application [88]. The basic elements of fuel 
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cells comprise of anode, which requires H2 fuel, cathode, which brings O2, and 

electrolyte, where exchange of ions takes place [89], [90], [91].  

There are different fuel cell typologies depending on its electrolyte. The most 

common types include [92] proton exchange membrane (PEM), phosphoric acid 

fuel cell (PAFC), direct methanol fuel cell (DMFC), Alkaline fuel cell (AFC), Direct 

carbon fuel cell, solid oxide fuel cell (SOFC) and molten carbonate fuel cell (MCFC).  

Some companies, such as Bloom Energy, Hydrogenics Corp, United Technologies 

and Fuel Cell Systems (UPS Systems) etc., produce fuel cells for Data Centres 

[93]. There are several ways to place fuel cells in the Data Centre. For example, 

that can be at the utility power level, at the rack level and at the server level [92]. 

However, their energy source (natural gas) is generated off-site and distributed 

by a utility [93]. For the smooth operation of fuel cell, the reliable supply of fuel is 

utmost important and additional equipment such as reformers, battery systems, 

start-up systems, and auxiliary circuits are needed [92]. Figure A.0.4 illustrates 

different processes in obtaining hydrogen from different carbon based fuels. 

 

Figure A.0.4 Fuel sources for fuel cell system [94] 

 

Hydraulic scheme 

Figure A.0.5 represents the hydraulic scheme of a fuel cell system. 
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Figure A.0.5 Hydraulic scheme of a fuel cell (example temperature) 

 

Calculation 

Given below are some of the important performance parameters of fuel cells. 

The energy conversion efficiency of the fuel cell can be calculated using the 

following equation [95]: 

𝜂FC =
𝑃FC 

�̇�𝑓𝑢𝑒𝑙  𝐿𝐻𝑉 
 . 

Here, PFC is the electrical power output, �̇�𝑓𝑢𝑒𝑙 is the flow rate, and LHV is the lower 

heating value of H2. 

Capacity factor of a fuel cell shows the ratio of the electricity generated, for a 

certain period, to the energy generated at full power operation during the same 

period [91]. Thermal efficiency of a fuel cell shows the ratio of thermal heat 

available to the total amount of energy put in. 

Table A.0.2 lists characteristics of two promising types of fuel cells, SOFC and PEM. 

Control 

A satisfactory transient behaviour of fuel cell is very crucial for its smooth operation 

in Data Centre. Four main subsystems of fuel cell plants are reactant supply, heat, 

temperature, pressure and humidity control, water management and power 

management [92]. A control system manages correctly these subsystems in stack 

[92]. 
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Table A.0.2 SOFC and PEM characteristics [92], [96], [97] 

  SOFC PEM 

Size range 2 kW - 200 MW  2 kW - 200 kW  

Catalyst peroktives platinum 

Electrolyte ceramic ion exchange membrane 

Fuel natural gas, H2, coal derived gas pure H2 

Electric efficiency  50% - 60% 40% 

Operating Temperature 800 - 1000 °C 80 - 150 °C 

Typical application 
high power generation, stationary, 
transport 

low power generation, 
space, transport, stationary 

Advantages high efficiency, CHP  rapid start up, fast on/off 

 

Part load characteristics 

Figure A.0.6 shows the variation of overall energy efficiency under different load 

conditions. At little load, the efficiency is too low and as load increases efficiency 

decreases marginally. Therefore, FCs operate insufficiently at too little and too 

much load [92]. The power consumption of Data Centres fluctuates with the 

variation of workload and server on/off [92]. SOFC has very slow response time 

(e.g. 200 W/min) [98]. Therefore, to cope with this variation FCs need to be over-

provisioned or powered by external batteries [92]. 

 

Figure A.0.6 Voltage, net power and efficiency of a 10 kW PEM under different load 

conditions [92] 
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Limits of application 

The main limitations of this technology are the fuel availability and the space 

required to store it. 

Economic aspects 

The cost of FCs at present is high due to the limited production, around 25,000 

units/year globally [92]. Reduction of cost is expected due to the invention of 

cheaper material and mass production. The conservative cost range of fuel cell is 

3 - 5 $/W, (2.2 - 3.6 €/W)27 [92]. 

A.2.4 RECIPROCATING ENGINE CHP  

General description 

Reciprocating internal combustion engines are a widespread and well-known 

technology. There are two basic types of reciprocating engines for CHP uses: spark 

ignition (Otto cycle) and compression ignition (Diesel cycle). Both use a cylindrical 

combustion chamber with a piston. After ignition, the piston is pushed by the gases 

and moves the crankshaft, converting the linear movement into a circular one. The 

main difference between the two designs is that Otto cycle needs to ignite the 

mixed fuel with a spark, and the Diesel ones make ignition due to high pressure 

and temperatures of the chamber. 

There are four sources of usable waste heat from a reciprocating engine: exhaust 

gas, engine jacket cooling water, lube oil cooling water, and turbocharger cooling. 

Recovered heat generally is in the form of hot water. The high temperature exhaust 

can generate medium pressure steam, but the hot exhaust gas contains only about 

one half of the available thermal energy from a reciprocating engine. Some 

industrial CHP applications use the engine exhaust gas directly for process drying. 

Generally, the hot water produced by reciprocating engine CHP systems (Figure 

A.0.7) is appropriate for low temperature process needs, space heating, potable 

water heating, and to drive absorption chillers providing chilled water, air 

conditioning or refrigeration. 

                                       
27 1 $ = 0.73 € (Exchange rate as on 26 March 2014) 
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Figure A.0.7 Closed-Loop Heat Recovery System in a reciprocating engine (example 

temperatures) [99] 

Control 

Reciprocating engines are controlled by the amount of fuel injected in the CHP 

system. The control depends on which is the priority demand to supply. However, 

thermal and electrical demand can be supplied simultaneously. If thermal energy 

is needed during CHP operation, there is no problem. Heat demand is supplied 

while electricity can be delivered to the grid or can be consumed by the process or 

the building. If thermal demand is not needed during CHP operation, there must 

be a heat storage device. Heat transportation is expensive and has a reduced 

efficiency due to the thermal losses. Other way, this heat storage device has a 

limited capacity. If there is no heat demand and the heat storage device is already 

full, CHP system may stop its operation in order not to waste heat. Mostly, an 

emergency or auxiliary cooler is installed for operational safety. 

Calculation 

The total efficiency of the plant is defined as: 

𝜂CHP =  
�̇�𝐻 + 𝑃el

�̇�𝑓𝑢𝑒𝑙  𝐿𝐻𝑉
 . 

Where 𝑃𝑒𝑙 is the electric power, �̇�𝐻 is the useful rate of heat, �̇�𝑓𝑢𝑒𝑙 is the rate of 

supplied fuel and LHV is the lower heating value of the fuel. The total efficiency is 

often divided into the two parts instantaneous electric efficiency 𝜂𝑒𝑙,𝐶𝐻𝑃 and thermal 

efficiency 𝜂𝑡ℎ,𝐶𝐻𝑃 with 𝜂𝐶𝐻𝑃 =  𝜂𝑒𝑙,𝐶𝐻𝑃 + 𝜂𝑡ℎ,𝐶𝐻𝑃: 

𝜂el,CHP =  
𝑃𝑒𝑙

�̇�𝑓𝑢𝑒𝑙  𝐿𝐻𝑉
;    𝜂th,CHP =  

�̇�𝐻

�̇�𝑓𝑢𝑒𝑙  𝐿𝐻𝑉
  . 
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Limits of application 

The CHP plant requires a certain amount of annual operating hours in order to 

make economic sense. Thus, there must be an appropriate heat demand available 

close to the Data Centre, which absorbs the rejected heat especially during winter, 

when the Data Centre is cooled by means of indirect air free cooling. 

Economic aspects 

The investment costs (without gas processing) of a reciprocating engine for biogas 

CHP can be estimated by [100] 

𝑐�̇� =  𝑓𝑅𝑃𝐼
(𝑦−2011)

(15648 𝑃𝑒𝑙
 −0,536) 

Where 𝑐�̇�  und 𝑃𝑒𝑙 represent the specific investment costs in €/kW and the electric 

power in kW, respectively. The factor 𝑓𝑅𝑃𝐼 indicates the mean annual rate of cost 

increases (e.g. 1.03) from 2011 to the current year 𝑦. 

A.2.5 STEAM PLANT  

General description 

A steam plant fed with solid biomass (e.g. wood residues, waste wood) generates 

both electrical power and heat (captured as steam) which can be used for running 

thermally driven chillers (combined heat and power, CHP). An extraction-

condensing turbine allows one to extract steam with a temperature of 140 °C or 

more. Thus, double-effect absorption chillers can be applied which ideally are fed 

with steam for avoiding a heating condenser. 

As shown in Figure A.0.8, the main components of a steam plant are steam 

generator, steam turbine, generator and condenser. Additionally, some pumps are 

required. 

Hydraulic scheme 

The hydraulic scheme of a steam plant with extraction condensing turbine is shown 

in Figure A.0.8. 

Control 

Thermal and electric power output of the plant can be varied by adjusting the fuel 

supply rate. Additionally, the share of heat and power generation is controlled by 

the steam flow rate extracted from the turbine. Thus, the electric to thermal ratio 

can be controlled within certain limits. 
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Figure A.0.8 Hydraulic scheme of a steam plant with extraction-condensing turbine (based 

on [101], example temperatures) 

Calculation 

The total efficiency of the plant is defined as 

 

𝜂CHP =  
�̇�H +  𝑃el

�̇�𝑓𝑢𝑒𝑙  𝐿𝐻𝑉
 

where 𝑃el is the electric power, �̇�H is the useful rate of heat, �̇�𝑓𝑢𝑒𝑙 is the rate of 

supplied fuel and LHV is the lower heating value of the fuel. The total efficiency is 

often divided into the two parts instantaneous electric efficiency 𝜂el,CHP and thermal 

efficiency 𝜂th,CHP with 𝜂𝐶𝐻𝑃 =  𝜂𝑒𝑙,𝐶𝐻𝑃 + 𝜂th,𝐶𝐻𝑃: 

𝜂el,𝐶𝐻𝑃 =  
𝑃𝑒𝑙

�̇�𝑓𝑢𝑒𝑙  𝐿𝐻𝑉
;    𝜂th,𝐶𝐻𝑃 =  

�̇�𝐻

�̇�𝑓𝑢𝑒𝑙  𝐿𝐻𝑉
  

Another fundamental characteristics is the electric to thermal ratio 𝜎: 

𝜎 =  
𝑃𝑒𝑙

�̇�𝐻

 

Part-load operation is conducted by reducing the fuel flow. Both thermal efficiency 

and generated power decrease under part-load conditions [101]. The loading ratio 

of fuel cannot be reduced below 40% of the full loading capacity [102]. With the 

low loading, difficulty in supplying of steam occurred. 
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Figure A. 1 Electrical and thermal efficiency of biogas reciprocating internal combustion 

engine with different load profiles   

Limits of application 

Steam turbines are available with sizes from under 100 kW to over 250 MW [103]. 

However, application becomes questionable for power output below 1 MW [101]. 

For putting a steam plant to good account, a suitable heat consumer is required. 

Only generating power and wasting the heat is not efficient. 

Economic aspects 

The specific investment costs of steam plants based on wood biomass are given in 

Table A.0.3 (data from 2009).  

Table A.0.3 Specific investment costs and efficiencies of steam plants using wood biomass 

depending on the electric power output [104] 

 

Steam plant investment costs from another source are shown in Figure A.0.9, 

which additionally visualises the electric efficiency being increasing with increasing 

plant size. 

Size class 1–5 MW 5–25 MW 25–50 MW 

𝜂el,CHP 17% 27% 28% 

𝜂th,CHP 66% 58% 56% 

Specific investment costs [€/kWel] 3,500 2,500 2,000 
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Figure A.0.9 Specific investment costs and electric efficiency of steam plants depending on 

net power [105] 

A.2.6 ORGANIC RANKINE CYCLE  

General description 

The power generation system based on the organic Rankine cycle (ORC) is an 

advanced, fully enclosed binary cycle based on a simple evaporation process. This 

cycle follows the same Rankine cycle as steam turbines. The working fluid is 

pumped to a boiler where it is evaporated, passed through the turbines where it 

is expanded and produces mechanical work, and then condensed in a heat 

exchanger where heat thermal energy is provided.  

ORC uses organic substances instead of water as thermal fluid: silicone oils, 

hydrocarbons, fluorocarbons. This organic fluid has a lower boiling point, higher 

vapour pressure, higher molecular mass and higher mass flow compared to water. 

The organic fluid allows recovering heat from lower temperatures sources (60-

350 ºC). Lower temperature sources include: 

 Geothermal energy 

 Solar power plants 

 Biomass CHP 

 Waste heat recovery  

Hydraulic scheme 

The hydraulic scheme of a solar ORC system is shown in Figure A.0.10. 
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Figure A.0.10 Working principle of a solar ORC system (based on [106]) 

Control 

Thermal and electric power output of the plant can be varied by adjusting the heat 

supply rate. In contrast to a steam turbine, the share of heat and power generation 

cannot be controlled by the steam flow rate extracted from the turbine. 

Calculation 

The electric efficiency of the plant is defined as: 

𝜂el =  
𝑃𝑒𝑙

�̇�𝐻

 

Where 𝑃𝑒𝑙 is the electric power and �̇�𝐻 is the rate of supplied heat. 

The efficiency of the cycle depends on the selected working fluid. These influences 

are illustrated for HFC-245fa in Figure A.0.11, where 𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 and 𝜂𝑂𝑅𝐶 are the 

overall system and the ORC cycle efficiency respectively. 𝜀𝑟 is the overall heat 

recovery efficiency. 

Limits of application 

The main drawback of the organic Rankine cycle is its limited ability to adapt to 

possible changes in the variables that influence the process.  

Available ORC systems range from 5 kWel to 30 MWel. ORC is a mature technology 

for waste heat recovery, biomass CHP and geothermal power but is still uncommon 

for solar application. Systems installed all over the world are most in the MW range 

and very few in the kW range. 
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Figure A.0.11 Influence of evaporator temperature on the ORC performance indicators 

[107] 

Economic aspects 

Although ORCs are a proven and reliable technology, costs are quite high when 

compared with other technologies (around 2,000-5,000 €/kWel) [106]. 

There are many combinations with ORC technology because it uses waste heat 

energy from a source that can be different in every plant. In Figure A.0.12, it is 

possible to check the tendencies of the different ORC systems. These costs are not 

from an exhaustive research and only some companies were taken into account. 

 

Figure A.0.12 Cost of ORC systems (empty symbols for module cost; filled symbols for 

total costs including e.g. engineering, auxiliary components etc.) [106] 
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A.2.7 WAVE POWER 

General description 

Wave power is a renewable energy and produced from the ocean surface oscillating 

up and down. It is continuous and has a high power density. Furthermore, it can 

be predicted in advance [108]. A variety of technologies prevails in capturing the 

energy from waves. Detailed descriptions of these technologies are available in 

deliverable 4.1.  

Limits of application 

Ecological, environmental and economic activities of the surrounding have to be 

considered in establishing wave power plants.  

Control 

A wave power plant generates power according to the current wave situation. 

When the power generated is surplus, the excess power can be sold to the grid. 

Similarly, the additional power has to be purchased from the national grid if the 

generation is not sufficient. 

Calculation 

The wave power that can be extracted per meter of wave crest can be approxi-

mated as [108]: 

𝑃 =  2
𝜌 𝑔2𝑡 ℎ2

32 𝜋
 

 

where P is wave power (W/m), g is acceleration due to gravity (9.8 m/s2), t is the 

period of wave (s) and h is the wave height (m). 

Economic aspects 

Costs of wave power plants depend on many factors such as system design, wave 

energy power, water depth, distance from shore and ocean floor characteristics 

[108]. According to the study of [1], current installation costs of wave power plants 

can reach 7,000 €/kWel and in future with the maturity of technologies cost reduc-

tion is expected (3,200 €/kWel). 
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A.3 COOLING PRODUCTION 

A.3.1 ABSORPTION CHILLER  

General description 

An absorption chiller produces chilled water by transferring heat from the chilled 

water circuit to the re-cooling circuit (closed cycle). The absorption cycle is driven 

by heat supplied to the generator.  

The main components of an absorption chiller are evaporator, condenser, 

generator and absorber as well as expansion devices and a solvent pump as shown 

in Figure A.0.13. For HVAC applications and chilled water production, water and 

Lithium bromide are most commonly used as refrigerant and solvent, respectively 

[109]. Absorption chillers are available as single-effect, double-effect or triple-

effect machines. Double- or triple-effect chillers can be applied when high driving 

temperatures are available and lead to higher COPs compared to single-effect 

absorption chillers. 

In addition to the chiller itself, the three pumps P1, P2 and P3 shown in Figure 

A.0.13 are considered as parts of the subsystem. 

Hydraulic scheme 

The hydraulic scheme of a single effect absorption chiller is shown in Figure A.0.13. 

 

Figure A.0.13 Hydraulic scheme of a single-effect absorption chiller (H2O-LiBr) for water 

cooling; re-cooled with water (example temperatures; scheme based on [109]) 
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Control 

Cooling power of the chiller is controlled internally for reaching the set point of 

chilled water supply temperature 𝑇chw,s. Constant flow through the shell-and-tube 

heat exchangers is recommended. Thus, it is proposed to run an absorption chiller 

with constant cooling power and use a thermal energy storage for levelling 

fluctuating loads. 

In the hot water circuit, a variable supply temperature 𝑇hw,s can be reached by 

controlling the addition of return water to the supply by means of a control valve 

CV1. 

Calculation 

The heating power �̇�𝐻 needed to produce a given cooling power �̇�0 can be 

calculated from the Coefficient of Performance COP: 

�̇�𝐻 =
�̇�0

𝐶𝑂𝑃
 

The Coefficient of Performance depends for example on the construction type of 

the chiller, on the current usage rate and on the media used as refrigerant and 

solvent. Typical COP values are shown in Table A.4. Detailed rating values are 

available from literature, e.g. [110]. 

Absorption chillers are characterised by a beneficial part load behaviour. Normally, 

cooling power can be reduced to 10% of the rated power as shown in Figure 

A.0.14.  

Table A.0.4 Characteristics data of absorption chillers for the production of chilled water 

and process cooling [109] 

 H2O-LiBr ABCH (SE) H2O-LiBr ABCH (DE) NH3-H2O ABCH 

Application Chilled water Chilled water Process cooling 

Chilled water outlet 

temperature [°C] 

5–25 5–25 -50–5 

Cooling water inlet 

temperature [°C] 

16–45 16–45  

Inlet temperature of 

heating medium [°C] 

75–140 140–170 100–160 

COP 0.55–0.75 0.8–1.2 0.35–0.65 
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Figure A.0.14 Typical part load behaviour of LiBr-H2O absorption chillers (single-effect) 

[111] 

As it is shown by the energy flow scheme in Figure A.0.15, the heat flow �̇�con +

�̇�Abs which is to be removed by the re-cooling circuit amounts to  

�̇�𝑐𝑜𝑛 + �̇�𝐴𝑏𝑠 = �̇�0 + �̇�𝐻 . 

 

Figure A.0.15 Scheme of heat flow in an absorption chiller 

The specific internal auxiliary energy demand for pumps accounts for 𝐸𝑎𝑢𝑥 =

15 Wh/kWhC [110]. 

Pumping hot water, chilled water and cooling water through the chiller requires 

electrical energy. The power 𝑃Pump required for a given volume flow rate �̇� can be 

calculated using the following equation: 

 
𝑃𝑝𝑢𝑚𝑝 =

�̇�𝑐ℎ𝑤 ∙ ∆𝑝𝑐ℎ𝑤

𝜂𝑝𝑢𝑚𝑝

 (7) 

Limits of application 

Absorption chillers cover a wide range of cooling power from some kW to some 

MW. Their application is mainly limited by the availability of a suitable heat sink 
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for re-cooling. For driving the chiller, cheap heat must be available with a 

temperature of at least 75 °C or 140 °C (single-effect or double-effect H20-LiBr 

chiller, respectively [109]). Generally, absorption chillers should be used when at 

least 90 °C are available while adsorption chillers are recommended for lower 

temperatures. 

The cooling water supply temperature must not drop below 25 °C [112]. 

Economic aspects 

The investment costs of a single-effect absorption refrigerator (without re-cooling 

plant) can be estimated by [113] 

𝑐�̇� = 𝑓𝑅𝑃𝐼
(𝑦−2002)

(14, 740.2095 �̇�0
−0.6849

+ 3.29)    (valid for 50 kW ≤ Q̇0 ≤ 4, 750 kW)  

where 𝑐�̇� and �̇�0 represent the specific investment costs in €/kW and the cooling 

power in kW, respectively. The factor 𝑓RPI indicates the mean annual rate of cost 

increases (e.g. 1.03) from 2002 to the current year 𝑦.  

For a double-effect machine, the cost function reads [113] 

𝑐�̇� = 𝑓𝑅𝑃𝐼
(𝑦−2002)

(231 975.0507 �̇�0
−1,1422

+ 90.09)    (valid for 400 kW ≤ �̇�0 ≤ 5270 kW). 

A.3.2 ADSORPTION CHILLER  

General description 

An adsorption chiller (closed process) produces chilled water driven by heat as an 

absorption chiller, but makes use of a solid absorbent instead of a fluid solvent.  

The main components of an adsorption chiller are evaporator, condenser and 

receiver/generator as well as an expansion device as shown in Figure A.0.16. For 

example, water and silica gel can be used as refrigerant and adsorbent, 

respectively. As the solid adsorbent cannot be pumped, at least two beds are 

required which alternately work as receiver and generator for obtaining a relatively 

continuous cooling production [109]. The chiller contains automatic butterfly 

valves for changing between the chambers. 

In addition to the chiller itself, the three pumps P1, P2 and P3 shown in Figure 

A.0.16 are considered as parts of the subsystem. 

Hydraulic scheme 

The hydraulic scheme of a two-bed adsorption chiller is shown in Figure A.0.16. 
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Control 

Regeneration of the bed is controlled according to the pressure. The cooling 

capacity can be controlled by reducing the temperature difference of the chilled 

water circuit. 

 

Figure A.0.16 Hydraulic scheme of a two-bed adsorption chiller for water cooling; re-cooled 

with water (example temperatures; scheme based on [114]) 

Calculation 

Basic calculations are the same as in the case of absorption chillers. Typical COP 

values are in the range of 0.4 to 0.7 [111]; rated values for different conditions 

are available from literature [110]. 

There is no significant auxiliary energy demand within the adsorption chiller [110]. 

For the demand of electrical energy caused by the pumps of the hot water, chilled 

water and cooling water circuit refer to section A.3.1. 

Limits of application 

Adsorption chillers are commercially available for cooling powers from some kW to 

approximately 350 kW. Their application is mainly limited by the availability of a 

suitable heat sink for re-cooling. For driving the chiller, cheap heat must be 

available with a temperature of at least 55 °C [109]. When temperatures of more 

than 90 °C are available, absorption chillers are recommended instead of 

adsorption chillers. 
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Economic aspects 

Investment costs for adsorption chillers are in the range of 350 to 1500 €/kW 

[115]. Specific costs are not decreasing with chiller capacity, so 1000 €/kW can be 

estimated generally [102]. 

A.3.3 DESICCANT EVAPORATIVE COOLING  

General description 

Desiccant cooling systems (DEC) are basically open cycle systems, using water as 

refrigerant in direct contact with air. The thermally driven cooling cycle is a 

combination of evaporative cooling28 with air dehumidification by a desiccant, i.e. 

a hygroscopic material. For this purpose, liquid or solid materials can be employed. 

The term ‘open’ is used to indicate that the refrigerant is discarded from the system 

after providing the cooling effect and new refrigerant is supplied in its place in an 

open-ended loop. Therefore, only water is appropriable as refrigerant with direct 

contact to the surrounding air. The common technology applied today uses rotating 

desiccant wheels, equipped either with silica gel or with lithium-chloride as sorption 

material.  

A.3.3.1 SOLID DESICCANT COOLING  

The main components of a solar assisted desiccant cooling system are shown in 

Figure A.0.17. The basic process in providing conditioned air may be described as 

follows [116]: 

Warm and humid air enters the slowly rotating desiccant wheel and is dehumidified 

by adsorption of water (1-2). Since the air is heated up by the adsorption heat, a 

heat recovery wheel is passed (2-3), resulting in a significant pre-cooling of the 

supply air stream. Subsequently, the air is humidified and thus, further cooled by 

a controlled humidifier (3-4) according to the set value of supply air temperature 

and humidity. The exhaust air stream of the rooms is humidified (6-7) close to the 

saturation point to exploit the full cooling potential in order to allow an effective 

heat recovery (7-8). Finally, the sorption wheel has to be regenerated (9-10) by 

applying heat in a comparatively low temperature range from 50-75 °C and to 

allow a continuous operation of the dehumidification process. Solid desiccant 

systems can also be used to provide heating for periods with low heating demand 

(4-5). 

Flat-plate solar thermal collectors are normally applied as heating system in solar 

assisted desiccant cooling systems. The solar system may consist of collectors 

using water as fluid and a water storage, which will increase the utilisation of the 

                                       
28 Evaporative cooling is described in section A.3.8. 
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solar system. This configuration however requires an additional water/air heat 

exchanger for connecting the solar system to the air system. 

 

Figure A.0.17 Schematic drawing of a desiccant cooling system [116] 

Special design of the desiccant cycle is needed in case of extreme outdoor 

conditions such as e.g. coastal areas of the Mediterranean region. Due to the high 

humidity of ambient air, a standard configuration of the desiccant cooling cycle is 

not able to reduce the humidity down to a level that is low enough to employ direct 

evaporative cooling. More complex designs of the desiccant air-handling unit 

employing for instance another enthalpy wheel or additional air coolers supplied 

by chilled water can overcome this problem. A novel approach is the 

dehumidification and simultaneous cooling of the supply air in an air-to-air heat 

exchanger, where the supply air is dehumidified through sorptive coatings at the 

heat exchanger wall, and cooled by the returned air which was humidified close to 

saturation in order to lower the return air temperature before entering the heat 

exchanger. The simultaneous dehumidification and cooling improves the efficiency 

of the system. Consequently, supply air humidification may be avoided in 

moderate climates. Since the sorption material in the supply side of the heat 

exchanger will be saturated after some time, a periodic operation with two heat 

exchangers of which one is regenerated is required. A pilot project in Germany for 

testing this new concept is currently in the design phase.  

A.3.3.2 LIQUID DESICCANT COOLING  

A new technology close to market introduction are desiccant cooling systems using 

a liquid water-lithium chloride solution as sorption material. This type of systems 

shows several advantages like higher air dehumidification at the same driving 

temperature range of solid desiccant cooling systems, and the possibility of high-

energy storage by storing the concentrated solution. This technology is a promising 
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option for a further increase in exploitation of solar thermal systems for air 

conditioning. Currently, a few systems of this type are installed in Germany in pilot 

and demonstration applications, driven either with solar thermal heat or heat from 

other sources. According to the report of VDI 2013, the liquid sorption material 

makes sense if dehumidified in warm and humid weather (e.g. sub-tropical 

region); in Germany, the cooling effect is not seen so optimistically.  

Control 

The cooling power is controlled internally in order to reach the set point of the 

chilled air supply temperature. This is done by controlling the speed of rotation of 

the desiccant wheel, and the auxiliary heat input. 

Calculation 

The heating power �̇�𝐻 needed to produce a given cooling power �̇�0 can be 

calculated from the Coefficient of Performance COP: 

�̇�𝐻 =
�̇�0

𝐶𝑂𝑃
 

Typical COP values are 0.5 to 0.7 with solid desiccants and over 1 with liquid 

desiccants [116]. 

Limits of application 

This concept can be applied to most of European locations, although in very dry 

areas it can be of little use. The maximum dry-bulb temperature at the location 

must not be too high for providing the chilled water temperature required in the 

Data Centre. 

Economic aspects 

The cost of desiccant cooling depends on the moved airflow rate. The cost varies 

between 8 and 12 €/(m3/h) in airflows of less than 20,000 m3/h, and a minimum 

of 5 €/(m3/h) in higher volumes of airflow. This corresponds to specific costs 

between 50 and 300 €/kW (depending on external temperatures and relative 

humidities). However, using DEC in certain conditions (very dry places or very 

humid places) is not very recommendable [116]. 

A.3.4 VAPOUR-COMPRESSION CHILLER  

General description 

A vapour-compression chiller produces chilled water by transferring heat from the 

chilled water circuit to the re-cooling circuit. The vapour-compression cycle is 

driven by electrical energy supplied to the compressor. Re-cooling can be realised 

either by water-cooling or by air-cooling.  
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The main components of a vapour-compression chiller are evaporator, 

compressor, condenser and expansion device as shown in Figure A.0.18. Many 

different construction types are available; an overview is given for example in 

[117]. 

In addition to the chiller itself, pumps are needed for the chilled water and the 

cooling water circuit. 

Hydraulic scheme 

The hydraulic scheme of a vapour compression chiller is shown in Figure A.0.18. 

Control 

The cooling power is controlled internally in order to reach the set point of the 

chilled water supply temperature 𝑇chw,s. A variable speed pump P1 can be used for 

adjusting the chilled water flow to the cooling load. With state-of-the-art chillers, 

manufacturers allow variable evaporator flow as long as minimum and maximum 

flow velocities as well as a maximum rate of chilled water flow variation are met 

[118]. If the evaporator flow rate becomes too small, heat transfer may drop 

severely. 

 

Figure A.0.18 Hydraulic scheme of a vapour-compression chiller for water cooling; re-

cooled with water (example temperatures; scheme based on [109]) 

For achieving a constant cooling water supply temperature 𝑇𝑐𝑜𝑤,𝑠 which is not too 

low, a three-way valve TWV1 can be used for admixing return water to the supply. 
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Calculation 

The electrical power 𝑃el needed to produce a given cooling power �̇�0 can be 

calculated from the coefficient of performance: 

𝑃𝑒𝑙 =
�̇�0

𝐶𝑂𝑃
 . 

The coefficient of performance depends for example on the construction type of 

the chiller and on the current usage rate and generally has a value of 3 to 8 in 

HVAC applications [113]. Detailed rating values for different compressor types, 

refrigerants and so on are available from literature, e.g. [110]. 

Cooling power of vapour-compression chillers can be reduced to 20% of the rated 

power or less, but COP decreases as well in this case as shown in Figure A.0.19. 

 

Figure A.0.19 Typical part load behaviour of vapour-compression chillers depending on the 

compressor type [111], [119] 

As it is shown by the energy flow scheme in Figure A.0.20, the heat flow �̇�con, 

which is to be removed by the re-cooling circuit, amounts to 

�̇�𝑐𝑜𝑛 = �̇�0 + 𝑃𝑒𝑙 . 

 

Figure A.0.20 Scheme of energy flow in a vapour-compression chiller 
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As far as the pump energy demand is concerned, please refer to section A.3.1. 

Limits of application 

Vapour-compression chillers cover a wide range of cooling power from some kW 

to some MW. Their application is mainly limited by the availability of a suitable 

heat sink for re-cooling. The cooling water supply temperature must not be too 

low. The minimum value depends on the process and the machine as well as the 

refrigerant. 

Economic aspects 

The investment costs of a vapour-compression chiller (without re-cooling plant) 

can be estimated by [113] 

𝑐�̇� = 𝑓𝑅𝑃𝐼
(𝑦−2002)

(4,732.2487 �̇�0
−0.7382

+ 109.30)   (valid for 10 kW ≤ �̇�0 ≤ 10,000 kW)  

where 𝑐�̇� and �̇�0 represent the specific investment costs in €/kW and the cooling 

power in kW, respectively. The factor 𝑓RPI indicates the mean annual rate of cost 

increases (e.g. 1.03) from 2002 to the current year 𝑦. 

A.3.5 FREE COOLING WITH AMBIENT AIR 

A.3.5.1 FREE COOLING WITH DIRECT AMBIENT AIR 

General description 

A direct air-cooling system uses outside air for cooling the Data Centre by 

supplying the external air directly into the Data Centre. The outside air has to be 

filtered before being supplied to the Data Centre. It is also possible to implement 

humidification and dehumidification in addition to the direct air cooling system. As 

a result, it is possible to use only the fan-filter system during a limited period of 

the year (without additional air-conditioning). 

During the cold season of the year, the outside air has to be humidified and heated. 

The reason is to minimise the risk of any damage to the server racks, caused by 

static electricity. Heating of the outside air is achieved by mixing a part of the 

recirculation air from the Data Centre with the cold outside air (instead of 

discharging the warm air to the outside). However, the supplied (mixed) air has 

to be humidified. 

During extremely cold outside temperatures, it is necessary to recirculate the air 

completely. Cooling will be done by means of cooling coils (chilled water). The 

advantage of using chilled water cooling is a chilled water cooling plant operating 

100% on free cooling (no compression cooling with the use of a refrigerant). In 

addition, the humidification will be considerably less. The disadvantage is the need 

of an additional cooling system (air-cooled chillers with free cooling mode). 
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Free cooling units are located adjacent to the white space and to the outside air 

(facade) and consist of the following components (in the sequence of the direction 

of the air): 

 Air inlet section, including grilles and damper 

 Filter section 

 Mixing section (for return air) 

 Fan section, including sound attenuators 

 Return air section, including dampers 

 Air outlet damper 

In addition, humidification and dehumidification sections can be incorporated in 

the free cooling units. 

Airside free cooling uses outside air for cooling the infrastructure. For this type of 

cooling, no (chilled) water is required: only air-cooling is applied (direct air or 

indirect air-to-air). The cooling efficiency of airside free cooling is especially high 

at locations with low annual average temperatures and low peak temperatures in 

summer. 

Direct airside cooling 

The available hours of direct airside free cooling depend on: 

 Temperature of the outside air 

 Level of humidity of the outside air 

In principle, when the outside temperature is below the required temperature and 

the air humidity is within the ASHRAE guidelines, direct airside free cooling can be 

applied. This means that the amount of annual hours with direct airside free cooling 

can be divided into the following situations (see also Figure A.0.21): 

 1A: If the temperature of the outside air is below the specified Data Centre 

supply temperature and the absolute humidity is within the acceptable 

range, supply air is composed from mixing recirculated air and outside air. 

 1B: As 1A, but with humidification of the supply air because the humidity of 

the outside air is too low. 

 2A: Outside air is cooled by evaporative cooling because its dry-bulb 

temperature exceeds the specified Data Centre supply temperature. 

Additionally, the outside air is mixed with recirculated air. 

 2B: As 2A, but no mixing with recirculated air is necessary because the 

temperature and the humidity of the cooled outside air meet the 

requirements of the white space. 
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An important point is the heat generation by the supply fan. This will rise the 

temperature of the outside air. For example, with a temperature difference of 10 K 

between supply and return temperature of the Data Centre, the fan power will be 

about 3-5% of the IT power. This will result in a temperature rise of approximately 

0.3-0.5 K. With a required white space temperature of 20 °C, the maximum re-

quired outside temperature then should be 19.5-19.7 °C. 

 

Figure A.0.21 Psychrometric chart showing operating states of direct air free cooling 

depending on outside air conditions 

Cooling scheme 

The cooling of a Data Centre by means of direct air-cooling is shown in Figure 

A.0.22. 

 

Figure A.0.22 Principle of cooling a Data Centre with direct air-cooling (without mixing 

duct) 
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Control 

During winter, the outside air is mixed with the return air from the white space. 

When the humidity of the mixed air is below the required humidity, extra 

evaporative humidification has to be applied. In this case, both the amount of 

outside air and the amount of humidification have to result in the required supply 

air temperature and humidity to the white space. Furthermore, in free cooling 

operation (moderate temperatures) when the evaporative cooling results in a 

lower supply temperature than required, first the outside air has to be mixed with 

the return air from the white space, before evaporative cooling is applied. At high 

outside temperatures, no outside air is used. The return air is cooled by means of 

a chiller (DX or chilled water). 

Calculation 

The flow rate for Data Centre direct air-cooling can be derived from the required 

cooling power and the temperature difference between supply and return air. 

Therefore, the following applies: 

𝑉1̇ =
𝑄�̇�

𝜌 ∙ 𝑐𝑝 ∙ 𝛥𝑇𝐷𝐶

           ⟹   𝐸𝐸𝑅 =
𝜌 ∙ 𝑐𝑝 ∙ 𝛥𝑇𝑑𝑐 ∙ η

𝑓𝑎𝑛

𝛥𝑝
. 

Where: 

 = volumetric mass density of air ~ 1.2 kg/m3 

cp = specific heat capacity of air ~ 1,000 J/(kgK) 

TDC = temperature difference between in- and outlet temperature of the 

Data Centre ~ 12 K (normally) 

fan = fan efficiency (including motor efficiency ~75%) 

Δp = pressure drop 

The required pressure drop for the Data Centre will be approximately 150 Pa. The 

EER is approximately 72 when operating in full load. 

This is excluding: 

 The pressure drop of a chilled water cooling coil and a mixing section for 

using recirculation air 

 Extra energy for humidification and dehumidification of the supplied outside 

air or for cooling recirculation air 

 Partial load by using redundant units in ‘normal’ operation; all the units run 

in partial load (instead of full load), which benefits the efficiency. 
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Limits of application 

There are critical limits of this application, especially concerning humidity control 

and air quality. A precondition for successfully using direct air-cooling is to allow 

large differences of temperature and humidity in the Data Centre. Otherwise, this 

concept requires a large chiller system. Since these chillers have minimal operating 

hours, a decentralised and modular system is possible, keeping system simplicity. 

However, this increases maintenance costs and results in a higher “day one” 

investment. 

Due to direct provision of very large outside air volumes to IT equipment, the 

system is very vulnerable for effects from outside (e.g. external smoke, air 

pollution, etc.). Therefore, there is a significant risk if outside air contains harmful 

contaminants or particles. 

Economic aspects 

There are different types of direct air units available in the market, varying from 

complete air handling units (or containerised units) to fan systems integrated in 

the building. Generally, all systems consist of filter-fan units, recirculation air and 

additional cooling and (de)humidification. 

Costs are comparable with air handling units. Based on quotations from different 

suppliers of air handling units, the estimated cost is as follows (sized by m3/h 

airflow): 

𝐶 = 20 ∙ �̇�0.75         with    �̇�  ∈  [5,000 … 100,000 m3/h] 

 

Where 𝐶 and �̇� represent the investment cost in € and the airflow in m3/h, 

respectively. 

If the starting point of the temperature difference between in- and outlet 

temperature of the Data Centre is 12 K (= 4 Watt cooling per 1 m3/h airflow), this 

results in the following cost per kW cooling: 

𝑐�̇� = 1257.4 ∙ �̇�0
−0.25

         with    �̇�0  ∈  [20 … 400 kW] 

Where 𝑐�̇� and �̇�0 represent the specific investment cost in €/kW and the cooling 

capacity in kW, respectively. 

A.3.5.2 FREE COOLING WITH INDIRECT AMBIENT AIR 

General description 

An indirect air-cooling system uses outside air for cooling the Data Centre. The 

difference with respect to a direct air cooling system is that the external air is not 

supplied directly into the Data Centre. This is achieved by means of a separation 
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between the external air and the cooling air inside the Data Centre. The hours of 

indirect airside free cooling can be divided in two situations: 

 Air-to-air cooling 

 Additional evaporative cooling (primary side) with air-to-air cooling 

There are mainly two principles of indirect air-cooling: 

 Using heat recovery wheels 

 Using plate heat exchangers (cross flow) 

Air-to-air free cooling is also directly related to the outside temperature. However, 

the use of a heat exchanger between the two airflows results in a higher supply 

temperature to the Data Centre in relation to the outside air temperature. The 

temperature difference between the two sides of the heat exchanger is 

approximately 2-3 K (depending on the design of the heat exchanger). 

The fans of the outside and Data Centre airflow can be located in the warm/return 

airstream. This way, the heat generation of the fans does not affect the supply 

temperature to the white space. 

Since the outside and Data Centre airflows are completely separated, free cooling 

can be applied for all (suitable) outside temperatures, regardless of the level of 

humidity of the outside air. As a result, the maximum outside (dry bulb) 

temperature for free cooling without evaporative cooling is 2-3 K below the supply 

temperature to the Data Centre. An example for the suitable outside air conditions 

in Barcelona is shown in area 1 of Figure A.0.23. 

In addition to indirect air-to-air cooling, evaporative cooling can be incorporated. 

This makes it possible to use outside air-cooling with higher outside temperatures 

without using a chiller. As a result, the (additional) usage of evaporative cooling 

increases the annual number of free-cooling hours. 

When using evaporative cooling, it is possible to cool the outside air to the wet 

bulb temperature. So with evaporative cooling the maximum allowable outside air 

temperature is based on the wet bulb temperature. Due to the use of a heat ex-

changer, the maximum outside wet bulb temperature for free cooling then will be 

2-3 K below the supply temperature to the white space. 

The area 2 in Figure A.0.23 shows the outside air conditions in Barcelona which 

are suitable for indirect airside free cooling with evaporative cooling for the exam-

ple of 20 °C Data Centre supply temperature. 

There are different concepts and suppliers available, for example the Green Cooling 

for Data Centres, or GCDC © concept. The indirect air system is equipped with a 

number x of fans for the internal airflow and a number x of fans for the external 

(outside) airflow of the unit, both as a N+1 redundant configuration. The outside 

air fans operate on full load or partial load, depending on the outside air 
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temperature. This way the required electrical power of the fans is reduced to an 

optimum at any lower outside air temperatures. It is possible to make use of 

redundant components inside the indirect cooling unit. It is also an option to use 

extra (redundant) units to achieve certain redundancy level. 

The GCDC © concept is based on using heat exchangers, cooling the warm return 

air from the Data Centre by means of outside air. All waste heat is transferred to 

the outside air. 

 

Figure A.0.23 Psychrometric chart showing operating states of indirect air free cooling 

depending on outside air conditions 

When the sensible temperature of the outside air becomes too high to cool the 

Data Centre to the required or acceptable temperature (during warm days in 

summer), additional cooling can be applied to the outside air. This need for 

additional cooling therefore depends on the location of the Data Centre and the 

associated climate conditions. This results in the following situations: 

 Cold regions without extreme warm conditions: 

o No additional cooling required 

 Temperate regions with warm summer conditions (however no extreme 

conditions): 

o Additional cooling by means of adiabatic cooling  

 Warm regions with extreme summer conditions: 

o Additional cooling by means of adiabatic cooling 

o Mechanical cooling (chilled water or direct-expansion) 
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Figure A.0.24 GCDC © concept – indirect air cooling using heat exchangers 

The GCDC © units (Figure A.0.24) consist of two separate airflows: 

 Recirculation air of the Data Centre:  

The Data Centre is cooled by cold air supplied from the GCDC © unit. It 

absorbs the heat of the ICT equipment and flows back to the GCDC © 

unit. 

 Outside air flow: 

The outside air is distributed to the heat exchanger of the GCDC © unit 

and delivers the required cooling to the recirculation air of the Data 

Centre. 

The GCDC © units are located adjacent to the white space. The system can be 

incorporated on a double story building and is compatible for multiple story 

building configurations. The units consist of two sections with the following 

components (in the sequence of the direction of the air): 

 Outside air section: 

o Air inlet section, including damper 

o Filter section 

o Mixing section (bypass) 

o Adiabatic cooler 

o Plate heat exchanger (cross flow) 

o Heat exchanger chiller 

o Fan section (three fans), including sound attenuators 

o Bypass section, including damper 

o Air outlet damper 

 Recirculation air section, for the white space: 

o Air inlet section 

o Mixing section (bypass), for Cloud Control© 
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o Fan section (three fans), including sound attenuators 

o Plate heat exchanger (single, for energy efficiency purposes a double 

heat exchanger is less beneficial) 

o Filter section (for start-up operations) 

o Cooling coil (chilled water), including chiller 

o Bypass, for Cloud Control© 

o Air outlet damper 

Hydraulic scheme 

Figure A.0.25 shows the hydraulic scheme of a GCDC installation. 
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Figure A.0.25 System configuration of the GCDC system 

Control 

During winter, the system operates in full free-cooling mode. With lower outside 

temperature, the fan speed is reduced to a minimal required operation. To avoid 

dehumidification due to the cold air at the heat exchanger, a part of the air is 

recirculated back on the outside of the heat exchanger. This recirculated air is 

thoroughly mixed with the outside air to avoid air temperature layers in the supply 
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air. In free-cooling operation, the required cooling is completely supplied with the 

use of outside air. When the outside temperature becomes higher, the fan speed 

is increased. With higher outside air temperatures, first the evaporative cooling is 

put in operation. This will give an amount of additional cooling which depends on 

air humidity of the outside air. If the evaporative cooling is insufficient, the DX 

chiller is put into operation, gradually increasing the additional required cooling 

capacity from the chiller. 

Calculation 

Instead of using chillers, pumps and computer room air-conditioning units (down 

flow units), the required cooling is solely delivered by the GCDC © units. The 

electric power consumption for cooling purposes therefore only consists of the 

motor power of the number of fans in the GCDC © units. 

The Coefficient of Performance of the GCDC © units is equal to its Energy Efficiency 

Ratio. To define this, the ratio of the cooling power and electric power is taken: 

𝐶𝑂𝑃 = 𝐸𝐸𝑅 =  
𝑄�̇�

𝑃𝑒𝑙
 

The electric power is basically the fan power, which depends on the airflow, 

pressure drop and efficiency of the fan (including motor efficiency): 

𝑃𝑒𝑙 =
�̇� ∙ Δ𝑝

η𝑓𝑎𝑛

 

The GCDC © unit consist of two fan sections with separate airflows: 

1. Data Centre recirculation air 

2. Outside air 

Data Centre recirculation airflow 

Data Centre recirculation airflow can be derived from the required cooling power 

and the temperature difference between supply and return air. Therefore, the 

following applies: 

𝑉1̇ =
𝑄�̇�

𝜌 ∙ 𝑐𝑝 ∙ 𝛥𝑇𝐷𝐶

           ⟹    𝐸𝐸𝑅1 =
𝜌 ∙ 𝑐𝑝 ∙ 𝛥𝑇𝐷𝐶 ∙ η

𝑓𝑎𝑛,1

𝛥𝑝1

. 

Where: 

 = volumetric mass density of air 

cp = specific heat capacity of air 

TDC = temperature difference between in- and outlet temperature of the 

Data Centre 
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fan,1 = fan efficiency (including motor efficiency) 

Δp1 = pressure drop: ∑(𝛥𝑝𝐺𝐶𝐷𝐶 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠) + 𝛥𝑝𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 

 

The pressure drop of the GCDC © unit for the Data Centre recirculation air depends 

on the supplier and the size of the unit. It is possible to design this with a pressure 

drop of approximately 400 Pa or even lower. 

The EER1 (of the recirculation airflow) is approximately 27 when operating in full 

load with a pressure drop of 400 Pa (see below). 

Table A.0.5 EER of GCDC © unit recirculation side with different pressure drops; (GCDC 

unit 100% in operation) 

Δp1 EER1 

 ~ 1.2 kg/m3 350 Pa 30.9  

cp ~ 1,000 J/kgK 400 Pa 27.0  

fan,1 ~ 75% 450 Pa 24.0  

TDC 12 K (normally) 500 Pa 21.6  

 

This is without considering partial load. Mostly, the cooling of the Data Centre is 

done with a number of units, including some redundant units. By also using these 

redundant units in ‘normal’ operation, all the units will be running in partial load 

(instead of full load), which benefits the efficiency. 

Using a N+1 situation, this may result in raising the EER1 (see below). 

Table A.0.6 EER of GCDC © unit recirculation side with different redundancy; (GCDC units 

<100% in operation by using redundant unit) 

Redundancy Operation/unit Δp’1 EER1 

 ~ 1.2 kg/m3 1+1 50.0% 100 Pa 108.0 

cp ~ 1,000 J/kgK 2+1 66.7% 178 Pa 60.7 

fan,1 ~ 75% 3+1 75.0% 225 Pa 48.0 

TDC 12 K (normally) 4+1 80.0% 256 Pa 42.2 

Δp1 400 Pa 5+1 83.3% 278 Pa 38.9 
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Outside airflow 

The outside airflow depends on the outside air conditions. Additionally, the heat 

dissipation of the fan of the Data Centre recirculation air is added to the required 

cooling capacity. This has the following consequences on the maximum airflow and 

Energy Efficiency Ratio of the fan for the outside airflow: 

𝑉2̇ =
�̇�𝐶 + 𝑃𝑒,1

𝜌 ∙ 𝑐𝑝 ∙ 𝛥𝑇𝑂𝐴(𝑇)
                              ⟹        𝐸𝐸𝑅2 =

𝐸𝐸𝑅1

1 + 𝐸𝐸𝑅1
∙

𝜌 ∙ 𝑐𝑝 ∙ 𝛥𝑇𝑜𝑎(𝑇) ∙ η𝑓𝑎𝑛,2

𝑝2(𝑇)
 

summer:   𝛥𝑇𝑜𝑎 =
𝐸𝐸𝑅1 + 1

𝐸𝐸𝑅1
∙  𝛥𝑇𝐷𝐶      ⟹        𝐸𝐸𝑅2 =

𝜌 ∙ 𝑐𝑝 ∙ ΔT𝐷𝐶 ∙ η𝑓𝑎𝑛,2

𝑝2
                               

winter:    ΔT𝑜𝑎 >
𝐸𝐸𝑅1 + 1

𝐸𝐸𝑅1
∙  𝛥𝑇𝐷𝐶        ⟹        𝐸𝐸𝑅2 =

𝜌 ∙ 𝑐𝑝 ∙ ΔT′𝑜𝑎(𝑇) ∙ η𝑓𝑎𝑛,2

𝑝2(𝑇)
                       

Where: 

Toa (T)= temperature difference of the outside air between the in- and outlet 

of the plate heat exchanger, depends on the outside temperature 

(variable), minimum supply temperature and possible additional cool-

ing 

fan,2 = fan efficiency (including motor efficiency ~ 75%) 

Δp2 (T) = pressure drop: ∑(𝛥𝑝GCDC components) + Δ𝑝external, depending on T2 

Summer situation 

The EER2 is determined in the same way as EER1. The pressure drop on the outside 

airside of the GCDC © unit also depends on the supplier and the size of the unit, 

but generally will be less than the recirculation airside. It is possible to design this 

with a pressure drop of approximately 350 Pa or even lower. This results in an 

EER2 (of the outside airflow) of approximately 31 when operating in full load with 

a pressure drop of 350 Pa. 

When operating in partial load, due to using redundant units, EER is approximately 

55 with a 3+1 units configuration (see Table A.0.7). 
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Table A.0.7 EER of GCDC © unit outside airside with different pressure drops; (GCDC unit 

3+1 in operation (75%) – summer conditions) 

p2 Δp’2 EER2 

 ~ 1.2 kg/m3 250 Pa 141 Pa 76.8  

cp ~ 1,000 J/kgK 300 Pa 169 Pa 64.0  

fan,1 ~ 75% 350 Pa 197 Pa 54.8  

EER1 48 400 Pa 225 Pa 48.0  

T2 12.25 K (summer) 450 Pa 253 Pa 42.6  

 

Winter situation 

The temperature difference T varies between 12.5 K in summer and up to 29 K 

maximum in the winter period. The Δp2 pressure drop is approximately 350 Pa at 

full load in summer. This can be reduced to 10% in winter period, using redundant 

units. This results in an EER2 raised to >700 (see Table A.0.8). 

Table A.0.8 EER of GCDC © unit outside air side with different T; (GCDC unit 3+1 in 

operation (75%) – winter conditions) 

T TOA Δp’2 (T) EER1 

 ~ 1.2 kg/m3 Tref = summer 12.3 K 197 Pa 54.8 

cp ~ 1,000 J/kgK Tref – 5 K 17.3 K 100 Pa 152 

fan,2 ~ 75% Tref – 10 K 22.3 K 60 Pa 327 

Δp2 350 Pa Tref – 15 K 27.3 K 40 Pa 601 

Red. 3+1 = 75% Tref – 20 K 29 (max) K 36 Pa 710 

 

Limits of application 

Cooling with outside air depends on the local climate. The maximum extreme 

temperatures (in summer) and minimum temperatures affect the application of 

outside air-cooling. In winter, below a certain temperature (~6 °C) it is necessary 

to start mixing warm air with outside air to avoid condensation on the plate heat 

exchangers. In summer, the required temperature of the cooling air for the Data 

Centre defines the maximum allowable outside temperature. If the outside 

temperature exceeds this, adiabatic cooling has to be applied or even chilled water 

cooling (using chillers). 
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The GCDC © units can operate in partial load, but are limited to minimal airflow 

required for the heat exchangers to keep a good level of heat transfer. In addition, 

the fan efficiency decreases in partial load. 

The fresh air supply, overpressure and humidity control of the Data Centre have 

to be done with a separate installation (comparable to computer room air handling 

units – CRAH units also use a separate fresh air overpressure system). 

Economic aspects 

The indirect cooling unit for Data Centres is a relatively new product in the market. 

There is some cost information available based on a few quotations of a supplier 

of the GCDC © units. 

The cost of GCDC © unit is approximately as follows (2013), see Figure A.0.26: 

80 kW:  1,200 €/kW 

120 kW:  1,100 €/kW 

450 kW:  1,000 €/kW 

The costs also depend on the required number of units, resulting in a cost cut of 

the suppliers of these units. 

The costs are exclusively for the units, excluding: 

 Provisions on the building, roof and facade 

 Ductwork, air dampers and grilles 

 Controls and cabinets 

 Electrical provisions 

 

Figure A.0.26 Costs of GCDC © unit per kW cooling capacity  
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A.3.6 FREE COOLING WITH SEA WATER  

General description 

Seawater air conditioning systems (SWAC) make use of the cold deep water that 

can be found within some distance of the coast. At sufficient depth, seawater is 

not warmed by sunshine nor does heat penetrate there by conduction or 

convection. This cold water can be used to provide cooling. 

The sea serves as an inexhaustible source of cold water. The temperature of the 

water at a particular depth depends on the location. Figure A.0.27 shows a typical 

depth/temperature chart for seawater in a tropical location. From about 600 

meters and lower, the seawater temperature reaches what is needed to supply 

cooling to typical cooling purposes at Data Centres. At 1000 meters and lower, the 

temperature decline flattens towards the 4 °C density peak for water. At very great 

depths, the pressure causes a shift to even lower temperatures. Generally, the 

seawater is not applied directly for process cooling. A heat exchanger is used to 

separate the salty and corrosive seawater from a second loop for Data Centre 

cooling. 

Hydraulic scheme  

The hydraulic scheme of seawater air conditioning system is shown in Figure 

A.0.28. 

Control 

Based on the required cooling water temperature and measured temperature, the 

seawater pumps are controlled with variable frequency drives. When the 

temperature of the seawater is lower or equal to the desired chilled water 

temperature, the chilled water can directly be used for white space cooling by 

CRAH units.  

Seawater cooling can be used through the whole year. An important value is the 

return water temperature of the seawater. In order to avoid ecological damage to 

sea life, the outlet temperature must be controlled by mixing the outlet water with 

cold seawater. The mix ratio is based on the average seawater temperature on 

outlet depth and the measured temperature of the return water. 

Calculation 

The efficiency of cooling with seawater depends on the required cooling water 

entering and leaving temperatures. A COP of more than 13 is achievable.  
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Figure A.0.27 Typical depth/temperature chart for seawater in low to middle latitudes [120] 

 

Figure A.0.28 Hydraulic scheme of seawater air conditioning system [121] 
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Limits of application 

The project needs to be located near the coast. If the location is in a temperate or 

cold climate, surface seawater can be used, perhaps in combination with a chiller. 

In that case, the system works similar to aquifer thermal energy storage or cooling 

with groundwater. If the location is in tropical region, deep-sea water below 600 m 

is required. Since the cost of the system in this case is determined largely by the 

piping system in the sea, the limit of application is determined by the distance 

from the coasts where deep waters are found. This can be within a few hundred 

meters in some cases, or many kilometres in other cases depending on the 

location. 

Economic aspects 

Costs for a real-world proposed SWAC system have been used to illustrate the 

economic aspects. The reference system is a 34 MW SWAC with a 220 GWh/year 

cooling capacity. The sea-pipe is 8 km out of shore and runs to a depth of 700 m. 

The seawater is heated by 6 K before being returned to the sea. The electricity 

cost is 0.26 US$/kWh. Therefore, the cost of sea piping is 33 million US$, the on-

shore plant (heat exchanger) is 8.6 million US$, electricity cost is 4.6 million 

US$/year and operation and maintenance cost is 0.24 million US$. This translates 

to an investment cost of around 1 $/W for the seawater piping component and 

0.25 $/W for the on-shore plant component. Electricity costs, and operation and 

maintenance costs together are 0.02 $ct/kWh. The total investment cost divided 

simply by 25 years of cooling delivered is 0.008 $ct/kWh. 

Location specific factors contribute greatly to the actual costs. The specific 

characteristics of the seaside system have a strong influence. Environmental 

regulations may impose costs on construction of the piping near the shore. The 

distance to the cold-water resource is another factor. Onshore, issues related to 

the presence of existing developments can add costs. These all need to be 

evaluated on a case-by-case basis. 

A.3.7 FREE COOLING WITH GROUNDWATER  

General description 

Aquifer Thermal Energy Storage (ATES) is based on an open-loop geothermal 

technology. The system stores energy by charging cold groundwater in winter and 

warm groundwater in summer. The groundwater has to be situated within an 

aquifer. Therefore, the feasibility for using a warm-cold aquifer/buffer in the earth 

depends in the soil, which has to be suitable for this type of energy storage. 

Depending on the feasibility of this, it may be possible to implement one or several 

aquifer systems. 
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Figure A.0.29 Aquifer TES 

Good practice (requirement) of using an ATES system is a balance of storing warm 

and cold groundwater within the timespan of one year. During the cold season 

(winter), the groundwater is distributed from the “warm well” to the “cold well” of 

the aquifer. The “warm” groundwater can be cooled by using free cooling before 

being fed into the cold well (cold storage). This energy transfer is done using a 

heat exchanger. 

From the cold well, the cold groundwater is used during summer months. After the 

water has been used for cooling, the warm water is injected into the warm storage 

of the aquifer. The cycle is repeated seasonally. 

ATES consists of (at least) two thermal wells (one cold and one warm well). Other 

required installation components are the following: 

 Pump and filter system 

 Heat exchanger in between the ATES system and the cooling and heating 

installation 

 Pipework and valves 

 Control systems 

 Heat pumps and/or free cooling components (i.e. cooling towers) 

The advantage of using an ATES system is the availability of chilled water during 

the warm season (summer).  

Using an ATES system combined with cooling towers gives an advantage in the 

summer period. Using cooling towers for generating chilled water for the Data 
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Centre is an energy efficient way of cooling. However, during summer period it 

might not be possible to reach the required chilled water temperature by using 

(only) cooling towers. In this period, chillers and the ATES system have to ‘take 

over’ and deliver the required cooling. 

Because the ATES system is much more energy efficient, this is used first. As a 

result, the use of chillers is reduced, because they only are in operation for ‘peak’ 

cooling in the summer. 

Free cooling from e.g. cooling towers to the ATES is possible during winter period, 

by minimising the approach of the cooling water in respective to the outside (wet 

bulb) temperature. Therefore, the cooling towers of a Data Centre can be used for 

regeneration of the cooling capacity of the aquifer. The design of the cooling towers 

has to be adjusted to the required injection temperature to the cold well of the 

aquifer. 

The temperature of the cooling water supplied from the cooling towers to the ATES 

has to be 2-4 K lower than the minimum water temperature in the cold well. 

This temperature transition is due to using two heat exchangers: 

 Heat exchanger for the cooling towers, to separate water of the cooling 

tower from the cooling tower for the building installations (i.e. CRAH units) 

 Heat exchanger for the ATES system, to separate groundwater from the 

cooling water system of the Data Centre 

Another condition is the cooling capacity of the cooling towers: it has to be equal 

to the capacity of the ATES. 

An essential condition is that the required cooling capacity in summer period may 

not exceed the regeneration capacity in winter. Otherwise, extra cooling capacity 

by means of chillers is required in the summer period. 

Hydraulic scheme 

The hydraulic scheme of the ATES system (Figure A.0.30) consists of the wells, 

pumps, piping and heat exchangers. 
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Figure A.0.30 Principle of ATES system without or with chiller/heat pump 

Control 

The most important control issue for ATES are the stringent local government rules 

of the energy balance in the underground wells. During wintertime, the system is 

charged with cold water from cooling towers or heat pumps (when there is a heat 

demand, e.g. district heating network). With variable frequency drive controlled 

pumps, the inlet temperature of the cold well is controlled at a minimum of 6 °C. 

Based on the outside temperature, the cooling can be directly delivered by the 

cooling towers. During summertime with higher outside temperatures, the chilled 

water for the Data Centre is cooled via a heat exchanger with groundwater from 

the cold well. Based on the desired chilled water temperature and measured 

temperature, the well pumps are controlled with variable frequency drives. The 

chilled water can directly be used for white space cooling by CRAH units. 

Calculation 

An ATES system does not generate cooling capacity; it is only (cooling) energy 

storage. The chillers, cooling towers, air-cooling and other installations will actually 

generate the cooling. Therefore, the ATES is an auxiliary part of the cooling 

system, which can result in the reduction of energy usages. 

It is, however, possible to define the seasonal energy efficiency ratio of the ATES 

itself, measured as a ratio of electrical power input to thermal power output from 

a system. 

The cooling capacity of the ATES system depends on the design flow (maximum 

water flow) and temperature difference between warm and cold well of the ATES. 

The energy consumption of an ATES system is pump energy. These figures result 

in the energy efficiency ratio: 

𝑄�̇� = �̇� ∙ 𝑐𝑝 ∙ 𝛥𝑇𝐴𝑇𝐸𝑆         and         𝑃𝑒𝑙 =
�̇� ∙ 𝛥𝑝

η𝑝𝑢𝑚𝑝

      ⟹             𝐸𝐸𝑅 =
𝑄�̇�

𝑃𝑒𝑙
=

𝑐𝑝 ∙ 𝛥𝑇𝐴𝑇𝐸𝑆 ∙ η𝑝𝑢𝑚𝑝

𝛥𝑝
    



Advanced concepts and tools for renewable energy supply of IT Data Centres 
RenewIT - Project number: 608679 

 
 

D4.5 Catalogue of advanced technical concepts for Net Zero Energy Data Centres 

Page 276 of 319 

  

Where: 

cp = specific heat capacity of water (~ 4,200 J/kgK) 

TATES = temperature difference between in- and outlet temperature of the 

Data Centre (6-8 K) 

pump = pump efficiency including motor efficiency (~ 60%) 

Δp = pressure drop of total hydraulic system of the ATES (~ 400-700 kPa) 

Table A.0.9 ATES energy efficiency with different design criteria 

TATES Δp EERATES   TATES Δp EERATES 

6 400 kPa ~ 38   8 400 kPa 50  

6 550 kPa ~ 27   8 550 kPa 37  

6 700 kPa ~ 22   8 700 kPa 29  

 

Based on this, the ATES can achieve seasonal EER values of approximately 20-50. 

As the results show, the EER of the ATES can vary significantly as it completely 

depends on the design of the ATES. Therefore, the EER has to be determined based 

on: 

 Pressure drop: 

o Geological situation (filter length in pump system) 

o Heat exchanger 

o Pipework (distance between cold and warm well) 

o Other (such as valves) 

 Temperature difference: 

o Required temperature in Data Centre (chilled water circuit) 

o (Allowable) groundwater temperature 

Limits of application 

Using a warm/cold aquifer in the ground depends on the soil, which has to be 

suitable for this type of energy storage. Therefore, the local site geology is crucial. 

If it is possible to use an ATES system, local permits are needed. In addition, the 

Data Centre has to have a chilled water cooling installation, where the ATES cooling 

can be incorporated during the summer period. 
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The required cooling in the summer has to be ‘regenerated’ or ‘reloaded’ in the 

winter. It is required to have a balance of storing warm and cold groundwater 

within the timespan of one year. 

Economic aspects 

The cost for ATES systems can be divided into two types of ATES: mono-well ATES 

for smaller capacities ranging from <10 to 50 m3/h and doublet-well ATES for 

larger capacities ranging from 40 to 200 m3/h. 

The cooling capacity of the ATES system depends on the temperature difference 

between warm and cold well. Normally this is between 6 and 8 K. The maximum 

cooling capacity of the ATES can be determined by using the ATES design flow and 

the temperature difference. Based on this, the costs per kW cooling can be 

calculated. 

Table A.0.10 Investment cost of a mono-well ATES (costs 2008) [122] 

Capacity Investment cost Cost/flow rate 

10 m3/h 75,000 € 7,500 €/(m3/h) 

20 m3/h 125,000 € 6,250 €/(m3/h) 

30 m3/h 145,000 € 4,833 €/(m3/h) 

40 m3/h 160,000 € 4,000 €/(m3/h) 

50 m3/h 170,000 € 3,400 €/(m3/h) 

 

Table A.0.11 Investment cost of a doublet-well ATES (cost 2008, based on information 

from [122]) 

Capacity Investment cost Cost/flow rate 

40 m3/h 175,000 € 4,375 €/(m3/h) 

80 m3/h 210,000 € 2,625 €/(m3/h) 

120 m3/h 255,000 € 2,125 €/(m3/h) 

160 m3/h 280,000 € 1,750 €/(m3/h) 

200 m3/h 290,000 € 1,450 €/(m3/h) 
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Figure A.0.31 Investment costs of a mono and doublet-well ATES m3/h flow (costs 2008) 

[122] 

 

Figure A.0.32 Investment costs of an ATES system (2008) per kW cooling capacity with an 

ATES temperature difference of approximately 6 K [122] 

A.3.8 EVAPORATIVE COOLING  

General description 

Evaporative cooling process (adiabatic cooling) is commonly used in cooling water 

towers, air washes, evaporative condensers, fluid cooling and to soothe the 

temperature in places where several heat sources are present. It is a simple and 

effective way of cooling an air stream. 
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Evaporative cooling equipment can be direct evaporative cooler or indirect cooler. 

In a direct evaporative cooler (DIEC), the air stream to be cooled is in direct 

contact with a liquid water film and cooling is accomplished by the adiabatic heat 

exchange between the air stream and the liquid water film. The evaporation of 

water in the air stream leads to a reduction in the dry-bulb temperature. However, 

this will also concurrently cause an increase of the humidity ratio of the air stream. 

Generally, the maximum possible reduction in air dry-bulb temperature depends 

on the difference between the dry-bulb and the wet-bulb temperature of the air 

stream. In many applications, like Data Centres, the increase of humidity in the 

supply air stream is not desirable. In this case, an indirect evaporative cooling 

system can be employed. 

In an indirect evaporative cooling system, the process air (primary airflow) 

transfers heat to a secondary airflow or to a liquid that has been cooled by 

evaporation. By using a cross-fluted heat exchanger, the water never comes in 

contact with the air. In this case, both dry-bulb and wet-bulb temperatures are 

reduced. 

Using evaporative cooling (DIEC) for the first stage of cooling makeup air reduces 

energy costs. The second stage is handled by conventional air conditioning. The 

use of an indirect evaporative cooling system in conjunction with a mechanical air 

conditioning system offsets cooling loads and significantly reduces energy 

consumption during peak design conditions. 

Hydraulic scheme 

The hydraulic scheme of an indirect evaporative cooling system is shown in Figure 

A.0.33. 
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Figure A.0.33 Hydraulic scheme of an indirect evaporative cooling system [123] 

Control 

The direct evaporative cooler component provides an added cooling benefit only 

when the ambient dry-bulb temperature is less than the desired supply air 

temperature. This is because a direct evaporative cooler adds moisture to the 

supply air as it cools. Similarly, indirect evaporative cooler provides a cooling 

benefit only when the return air wet-bulb temperature is less than the dry-bulb 

temperature of the outdoor air entering the indirect evaporative cooler. Thus, the 

system controls typically turn off direct evaporative cooler when the ambient dry-

bulb is greater than 13 °C, and indirect evaporative cooler is normally disabled 

when the ambient dry-bulb is less than 17 °C to 18 °C [124]. 

Face and bypass dampers on the air-to-air heat exchanger are essential for best 

control of any two-stage evaporative cooling system, as they allow for economizer 

cooling and full modulation of indirect evaporative cooler, while similarly allowing 

for optimal direct evaporative cooler control by regulating the amount of heat 

recovery as needed to achieve tighter supply air temperature control. 

Calculation 

The performance of this system is always associated with the other elements of 

the cooling system. Specific software tools have to be used for selecting the ade-

quate dimension and number of cooling towers for given temperatures and cooling 

capacity. 
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Limits of application 

Annual dry- and wet-bulb temperatures at the specific location have to be suitable 

for the application of evaporative cooling. Additionally, makeup water has to be 

available. 

Economic aspects 

DIEC modules are relatively inexpensive, typically costing 0.37 € per l/s to 0.73 € 

per l/s for a high quality unit [125]. 

A.3.9 DRY COOLER  

General description 

A dry cooler (DRC) is a heat exchanger used for transferring heat from a liquid 

circuit (water or brine) to the ambient air. As shown in Figure A.0.34, fans are 

used for blowing the air through the heat exchanger. 

Dry coolers can be used for re-cooling the brine circuit of chillers as well as free 

cooling of chilled water circuits. 

Hydraulic scheme 

The hydraulic scheme of a dry cooler plant is shown in Figure A.0.34. 

Control 

A set point is given for the brine supply temperature 𝑇cow,s. The cooler fans are 

driven with variable frequency or at least switched between off and two stages 

(e.g. depending on the ambient temperature). The single coolers with their pumps 

are switched on and off according to the required cooling power (cascade). 

Calculation 

The required re-cooling power (heat rejection rate) �̇�Con is calculated e.g. for the 

chiller plant. Design cooling water temperatures can be calculated as follows: The 

design dry-bulb temperature 𝑇db,d depends on the location. Cooling water supply 

temperature 𝑇cow,s is then known from a given approach (temperature difference 
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Figure A.0.34 Hydraulic scheme of a dry cooler plant (example temperatures) 

 

between water exiting the cooler and ambient air) which generally is 4-7 K [111]. 

Fixing the range (temperature difference between water inlet and outlet; typical 

values are 5-7 K [111]) gives the design water return temperature 𝑇cow,r. 

Key data of the cooler are the overall heat transfer coefficient 𝑈0 (design value) 

and the heat exchanger surface area 𝐴. The product 𝑈𝐴 required for the design 

cooling capacity �̇�0 can be calculated from [44] 

�̇�𝐶 = (1 − exp [(
𝐶max

𝐶min
) (

𝑈𝐴

𝐶min
)

0.22

{exp [−
𝐶min

𝐶max
(

𝑈𝐴

𝐶min
)

0.78

] − 1}]) 𝐶min[𝑇cow,r − 𝑇air,in] 

with 𝐶max and 𝐶min representing the maximum and the minimum value of the 

capacity flow, respectively. Capacity flow 𝐶 is calculated as 𝐶 = �̇�𝑐𝑝 from mass flow 

�̇� and specific heat capacity 𝑐𝑝. 

Limits of application 

The maximum dry-bulb temperature at the location must not be too high for 

providing the cooling water temperature required by the process (e.g. vapour-

compression chiller). 

Economic aspects 

The investment costs for a horizontal dry cooler with fan motor with star 

connection can be estimated from [113] 

𝐶 [€] = 𝑓RPI
(𝑦−2002)

(46.169 ∙  �̇�rating [kW] + 525.02)    (valid for 20 kW ≤ �̇�rating ≤ 950 kW) 

with �̇�rating = �̇�0/𝑓t and the correction factor 
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𝑓t = −0.1 𝑡air[°C] + 3.5 + (
𝑡brine,in[°C] − 40

10
). 

The power demand of fans and brine pumps can be estimated from the following 

key figures [113]: 

 Fan power: 𝑃fan = 0.0285 �̇�rating 

 Pump power: 𝑃pump = 0.0061 �̇�rating 

A.3.10 WET COOLING TOWER  

General description 

An open wet cooling tower (WCT) is a heat exchanger used for transferring heat 

from a water circuit to the ambient air. As the water is in contact with the air, 

evaporation takes place, which dominates the heat transfer process. As shown in 

Figure A.0.36, fans are used for blowing the air through the cooling tower. 

A typical wet cooling tower plant consists of several cooling tower cells, which are 

connected to cooling water basins collecting the warm and the cooled water. 

Equipping each cell with a cooling water pump is recommended for running 

arbitrary combinations of cooling tower cells according to demand. 

Wet cooling towers can be used for re-cooling the cooling water circuit of chillers 

as well as free cooling of chilled water circuits. 

The enthalpy (h-x) chart (Figure A.0.35) shows the heat transfer processes 

between air and cooling water in a wet cooling tower.  

In this chart, a cooling limit represents the theoretically possible cooling of water 

in a wet cooling tower. When the air is dryer (a lower wet bulb temperature), it 

can decrease the temperature of the cooling water more through evaporation. 

Cooling range represents the actual cooling of the water and the approach defines 

the distance to cooling limit. These terms assist in evaluating the quality of a 

cooling tower.  

Hydraulic scheme 

The hydraulic scheme of a wet cooling tower plant is shown in Figure A.0.36. 

Control 

A set point is given for the cooling water supply temperature. The airflow through 

the cooling tower cell is controlled by switching between different fan power stages 

or by using variable-frequency drives for the fans. When the fan of one cell has 

reached its maximum power and the cooling water supply temperature is still too 

high, the next cooling tower cell is switched on beginning with the lowest fan 

power. 
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An advantage of the basins is their capability to balance fluctuating cooling water 

temperatures. As a result, a relatively constant cooling water temperature is 

supplied to the chillers. 

 

Figure A.0.35 Schematic representation of change of state of moist air and cooling water 

in h-x chart for moist air for an open wet cooling tower [109] 

Calculation 

Obtaining the required cooling capacity and design temperatures is conducted as 

described in section A.3.8. As the minimum temperature which can be reached is 

the wet-bulb temperature, wet cooling tower design is based on a design value of 

this temperature. It can be for example 22 °C in Chemnitz, Germany and 26 °C in 

Barcelona, Spain. Typically, the approach and the cooling water range are 4-6 K 

and 5-7 K, respectively. 

Manufacturer software tools have to be used for selecting the adequate cooling 

tower for given temperatures and cooling capacity. 
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Figure A.0.36 Hydraulic scheme of a wet cooling tower plant (example temperatures, 

scheme based on [109]) 

The power demand 𝑃fan of the fans can be estimated depending on the fan type 

[113]: 

𝑃fan = {
0.0043 �̇�C

1.2336   for centrifugal fans  

0.0105 �̇�C
0.9613   for axial fans              

 

The power demand of the cooling tower pump can be calculated from equation (7) 

depending on the pressure height ∆𝑝.  

Limits of application 

Make-up water availability is a requirement for wet cooling tower application. The 

total water loss sums to about 2.5 to 4.5 l/kWh cooling [126]. Local legislation 

may restrict the application of wet cooling towers. The effectiveness of re-cooling 

the cooling water decreases with increased ambient air humidity.  

Economic aspects 

The specific investment costs of wet cooling towers can be estimated as [113] 

𝑐 [€/𝑘𝑊] = 𝑓𝑅𝑃𝐼
(𝑦−2002)

(2348.2 �̇�𝐶 [𝑘𝑊]−1.0398 + 26.15)    (for 50 kW ≤ �̇�𝐶 ≤ 1.2 MW). 
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A.3.11 HYBRID COOLING TOWER 

General description 

In a hybrid cooling tower (HCT), the hot water or water-glycol from a chiller’s 

condenser is cooled to the design temperature as it flows through the dry and the 

wet section of the tower. The wet and dry components can be used separately or 

simultaneously. The HCT can be operated as a dry cooling tower only when the 

ambient temperature is low. At high temperatures, the wet cooling tower mode 

can be used to achieve the required cooling. Depending upon the construction and 

the type of operation, different types of HCT are available in the market. Some of 

them are [109]: 

 Indirect contact or closed circuit evaporative cooling tower 

 Hybrid dry cooler (a combination of air-cooled dry cooler and evaporative 

cooling tower)  

 

Figure A.0.37 Closed circuit evaporative cooling tower [109]  

In a typical hybrid cooling system (closed circuit), only water in the secondary 

circuit comes in direct contact with air. Therefore, the problems with the quality of 

cooling water compared to the secondary water circuit are marginally low. 

However, water treatment plant is necessary. 

In the process, an additional temperature difference occurs due to the heat 

exchanger. This has a negative effect on the approach [109].  

From the aspect of investment cost, this type of cooling tower is expensive but the 

operating costs are lower than with wet cooling towers [127]. Different studies 

have shown water usage by HCT reduced by 30 to 98% as compared to the 

conventional wet cooling tower [128]. 
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Control 

The set point for the cooling water supply temperature (Tcow,s) is fixed. With the 

use of variable frequency drives for the cooling fan and circulating pump of 

secondary circuit, this value can be attained. Furthermore, by the proper sizing of 

the finned coil surface and wetted evaporative coil surface, it can provide adequate 

cooling during winter and in summer [109]. This way, the entire cooling 

requirements can be supplied by HCT, all in one piece of equipment.  

Limits of application 

The design and construction of HCT are more sophisticated compared to separate 

dry and wet cooling systems. For the application of HCT, data to be considered are 

thermal performance, cooling water flow rate, cooling range, ambient 

temperature, sound attenuation regulation, limitation regarding erection area or 

overall height, operating weight and water analysis of the makeup water [129]. 

Calculation  

The required cooling capacity and design temperature of the cooling water are 

calculated as described in section 3.4.9. Manufacturer software tools are used for 

selecting a suitable cooling tower for given temperatures and cooling capacity. The 

power demand of the fan and circulating pump are calculated as described in 

section A.3.10. Typically, the approach and the cooling range of hybrid closed 

circuit are 6-8 K and 5-7 K, respectively.

A.4 ENERGY STORAGE 

A.4.1 ELECTRICAL ENERGY STORAGE  

A.4.1.1 ELECTROCHEMICAL BATTERIES  

Power stability and power bridging are the two roles covered by electrical energy 

storages commonly available in Data Centres. An increased energy storage 

capacity together with advanced control algorithms can enhance energy 

management strategies easing the integration of renewable energy sources in Net 

Zero Energy Data Centres. 

The commonest electrical storage systems are based on batteries even if flywheels 

and ultra-capacitors have been tested to store energy in Data Centre 

environments. Accordingly, following sections concern basic descriptions and key 

aspects for assessing the modelling of the aforementioned electrical storages. 

General description 

A battery is an electrochemical device that stores energy and then supplies it as 

electricity to a load circuit. Batteries are typically organized in strings and can be 
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connected in series, in parallel, or in combination of both, in order to provide the 

required operating voltage and current. 

Electrical scheme 

The electrical scheme of an energy storage system can vary according to the Data 

Centre energy supply architecture and according to the different types of loads 

which the energy storage system has to supply. If the energy storage is supposed 

to supply just the IT load, the electrical storage system can be seen as an 

additional energy capacity that increases the autonomy of the traditional UPS 

battery. Otherwise, the electrical storage system should be able to supply both 

normal and UPS loads. 

 

Figure A.0.38 Battery connected to the DC link of an AC/DC/AC power conditioning unit 

(topology usually concerned for UPS applications) 

Control 

Charging and discharging processes for the battery are controlled by the AC/DC 

power converters connecting the storage device with the rest of the electrical 

system of the Data Centre. In particular, one common practice is to use the DC/AC 

inverter based on controlled transistors (right converter in Figure A.0.38) to 

actively control the currents flowing from/to the battery cell to feed the electrical 

loads of the Data Centre. This controller can be a proportional type ensuring 

constancy of the electrical frequency within the electrical grid of the Data Centre. 

In turn, the left-side converter in Figure A.0.38 can be non-actively controlled, i.e. 

based on passive diodes. That is because its duty is just to rectify AC voltage from 

the main grid to be able to connect the direct current terminals of the battery cell. 

This converter does not control power flows. However, considering bidirectional 

power flows between Data Centre and the main grid, both converters should have 

to be controlled, so they are to be based on transistors. 

Calculation 

Energy storage systems efficiency is the key parameter characterising its 

performance. Round trip efficiency is affected by both charging and discharging 

operations. In addition, auxiliary loads affect the system round trip efficiency that 

can be defined as follows: 
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𝜂 =
𝐸𝑜𝑢𝑡

𝐸𝑖𝑛
 

Where 𝐸𝑖𝑛 is the energy absorbed from an energy source or from the grid while 

𝐸𝑜𝑢𝑡 is the energy supplied to the grid or to a load. Round trip efficiency can vary 

from 95% to 60% according to the cell type. 

Limits of application 

Energy storage systems based on batteries are characterised by their great 

scalability and modularity. This way, designed solutions can be scaled up to several 

tens of megawatts of power with energy capacity enough to provide energy for 

several hours at full power. The application of electrical storage in Data Centres is 

thus not constrained technically, at performances and operating conditions fit with 

requirements of such installations. Major limits of application are related to 

economic aspects, as in general terms batteries are expensive components and 

detailed cost analyses are needed to assess their installation. 

Economic aspects 

Table A.0.12 lists average cost of an electrical energy storage system based on 

different battery technologies. 

Table A.0.12 Cost parameters for different types of batteries [130], [131]  

 Li-Ion Lead-Acid 

Investment cost per unit installed power [€/kW] 200 150 

Investment cost per unit energy (cost/capacity/efficiency) [€/kWh] 500 200 

 

Academic work reported by [132] proposes a mathematical expression to estimate 

the investment cost of electrical energy storage systems. This describes 

investment cost as a function of power and energy capacities as 

𝐶 [€] =  𝑐𝑒 [
€

𝑘𝑊ℎ
] ·  𝐸 [𝑘𝑊ℎ] +  𝑐𝑝 [

€

𝑘𝑊
] ·  𝑃 [𝑘𝑊], 

where ce is the cost in terms of energy capacity. It mainly refers to the cost of the 

“container” of the energy stored, i.e. the electromechanical cell in secondary 

batteries. E is the energy capacity of the storage system, cp is the specific cost in 

terms of power capacity. It mainly refers to the power conditioner unit for the 

electrical power exchanged by the storage device at its connection point. P is the 

power capacity of the system. 
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A.4.1.2 ROTARY UPS (FLYWHEELS)  

General description 

Rotary UPS systems are based on flywheels. Flywheels are electromechanical 

energy storage systems, which store kinetic energy in a rotating disk being 

mechanically coupled to an electrical machine spinning at high velocity. When 

energy is required for the loads, the flywheel is slowed down. Thus, part of the 

stored kinetic energy is translated into electrical energy through the electrical 

machine. Conversely, when charging the storage device, the flywheel is 

accelerated so that the electrical energy consumed by the electrical machine during 

this acceleration is translated into an increment in the rotating speed of the disk. 

An electronic power converter drives the electrical machine to control its rotating 

speed, i.e. to control the state of charge of the energy storage device. 

Flywheels are characterised by presenting high cyclability, high ramp power rates, 

short time responses and high power capacity. On the other hand, the energy 

capacity of flywheels is very limited and they present high standing losses. 

Since the energy capacity of flywheels is relatively low, they are able to exchange 

their rated power for no more than a few seconds at most until being completely 

discharged.  

Rotary UPS systems mainly concern two major design concepts:  

a) The rotary UPS and the generator are separated. In this case, the rotary 

UPS can have a flywheel as a backup. 

b) Combined machine of the diesel generator and the flywheel; DRUPS 

concept/diesel rotary UPS 

In general, diesel generators are placed as close to the Data Centre as possible, 

mainly to limit the cable length (limits costs, resilience and vulnerability). It should 

be taken care of that the generator does not cause any vibrations that influence 

the Data Centre negatively. The generator should be placed inside a compartment 

that is fire resistant for 60 min. Finally, it is worth noting that the generator is 

preferably coupled to the Data Centre on the low voltage level. 

Electrical scheme 

According to [132], while applied in UPS systems, a flywheel usually provides the 

energy required for the transition between the mains failure and the starting of 

long-term backup systems such as diesel generators. This will permit to maintain 

electrical frequency within admissible limits ensuring proper security of supply for 

the loads. As previously noted, diesel generators can optionally be part of flywheel-

based UPS systems (DRUPS concept). 
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For short disturbances (up to a few seconds), the flywheel provides the required 

energy to the loads. Since most of the mains failures last for no more than a few 

seconds, diesel systems are activated very few times during the life span of the 

system, prolonging the life of electro-magnetic clutches and other critical 

components. The electrical scheme is shown as follows. Optional components 

(electrical motor generator, the clutch and the backup diesel generator) are shown 

in grey. 

F
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Figure A.0.39 Flywheel based UPS system (simplest configuration in black, addition of a 

backup diesel generator is optional) 

As shown, in the simplest configuration the flywheel is composed by the rotating 

disk coupled to a permanent magnet synchronous machine, and an AC/AC power-

conditioning unit. This can be directly connected to the power distribution system 

of the Data Centre or to a motor generator that in turn can be activated by a 

backup diesel generator, when the energy stored in the flywheel is exhausted. The 

aim of the electrical motor generator, apart from translating the mechanical energy 

of the axis of the diesel generator into electrical power, is to protect the power 

electronics of the flywheel system against short-circuit currents and to improve 

the quality of the power exchanged with the rest of the system filtering harmonics 

and correcting power factor, among other aspects. 

Control 

UPS system is always connected for safety and regulatory issues. Only non-critical 

loads are directly connected to the main grid. For those loads fed by UPS, and in 

normal operating conditions, electrical power flows from the main grid, the safety 

breaker and through the passive filter for power quality issues, as indicated in 

Figure A.0.39. Thus, no power flows from/to the flywheel but it is always in charged 

state, so spinning steadily. Nevertheless, active filtering of power supply can also 

be performed by controlling fast power exchange by the flywheel at its point of 

connection. 
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In case of a mains failure, the safety breaker (see Figure A.0.39) is rapidly opened 

and the flywheel feeds the loads. In this case, flywheel is commanded to be 

discharged, so it slowed down for several seconds until the connection of backup 

diesel generators [132]. 

Regarding the control of the electronic power converters of the flywheel, it is worth 

noting that the left-side AC/DC converter in Figure A.0.39, commonly called 

machine side converter, is in charge of regulating the speed of the flywheel, i.e. 

its State of Charge. Therefore, it is in charge of controlling the power exchanged 

by the flywheel. The right-side DC/AC converter is in charge of simply maintaining 

a constant voltage in the DC link of this set of converters. Thus, both converters 

have to be based on controlled transistors. 

Calculation 

For energetic balances, energy storage systems efficiency is a key parameter. In 

this sense, the term round trip efficiency considers both charging and discharging 

processes and is calculated as  

𝜂 =
𝐸𝑜𝑢𝑡

𝐸𝑖𝑛
 

where Ein is the energy absorbed from an energy source or from the grid while Eout 

is the energy supplied to the grid or to a load. For flywheel based UPS systems, 

round trip energy efficiency reaches up to 95%. The simplest configuration for 

flywheel based UPS is considered here and corresponds to what is drawn in black 

in Figure A.0.39. 

Limits of application 

Energy storage systems based on flywheels are characterised by their great 

scalability and modularity. In addition, the high specific power of flywheels reduces 

footprint; so designed solutions can reach several MW of rated power even in 

limited spaces. 

Concerning their application in Data Centres, flywheel-based UPSs should be 

water-cooled or air-cooled, even connected to the building’s chiller water supply. 

Although cooling requirements are marginal for high-tech units, this is something 

to take into account. 

However, as in the case of electrochemical batteries, major limits of application 

are related to economic aspects, due to the relatively high cost of the system. 

Economic aspects 

Table A.0.13 presents cost estimations for flywheel systems. The simplest 

configuration (Figure A.0.39) for flywheel based UPS is considered here. 
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Table A.0.13 Cost parameters for flywheel systems [133] 

 Flywheels 

Investment cost per unit installed power [€/kW] 600 

Investment cost per unit energy (cost/capacity/efficiency) [€/kWh] 1200 

 

According to an industrial benchmark, a 100 kW UPS based on flywheel system 

(simple configuration, without diesel generator) with energy capacity of about 

300 Wh can cost around 60,000 €. A flywheel system equipped with a backup 

diesel generator with rated power of about 400 kW can cost around 200,000 €. 

A.4.1.3 STATIC UPS  

General Description 

The static UPS is called “static” because, throughout its power path, it has no 

moving parts. The UPS raises the level of safety of the IT equipment. The static 

UPS has three major subsystems: rectifier, batteries and inverter.  

UPSs vary greatly in physical size, weight, capacity, supported input power source, 

technological design and cost. The four main systems are [134]:  

 Standby Systems – used for power range of 0-5 kVA 

 Line interactive UPS – used for power range of 0-5 kVA 

 Online UPS Double conversion – used for power range of 5-5000 kVA 

 Online UPS Delta conversion – used for power range of 5-5000 kVA  

Here, only the two last-mentioned systems are described in order to compare 3-

phase UPSs that can support Data Centres. 

In Double conversion UPS (Figure A.0.40), the critical load is provided with fully 

conditioned mains power, converting AC to DC and back into clean AC energy. The 

rectifier and inverter constantly convert all the power required by the load. When 

a failure of the input AC occurs, this does not cause an activation of the transfer 

switch, because the input AC is charging the backup battery source that provides 

power to the output inverter. Thus, during an input AC failure, on-line operation 

results in no transfer time and the output voltage is of high quality. 

The Delta conversion UPS (Figure A.0.41), under conditions of AC failure or 

disturbances, exhibits behaviour identical to the Double conversion and it was 

introduced to eliminate its drawbacks. The inverter powers the load constantly, 

but the delta converter helps to provide power, drawing it from the main power. 

In this way, the input voltage is treated and integrated with what is missing at the 
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desired value. The delta converter controls the input power characteristics and 

controls input current in order to regulate charging of the battery system. Delta 

conversion provides dynamically controlled a power factor corrected input without 

the inefficient use of filter banks associated with traditional solutions. The most 

important benefit is a significant reduction in energy losses. 

These systems have several possible configurations. The five most popular UPS 

configurations are [135]:  

 «N» System: The UPSs are one or more in parallel, but the overall capacity 

is never greater than the load to serve. UPSs can be different. 

 Isolated Redundant: It has two UPSs, one primary that powers the load 

alone, and a secondary that powers the bypass of the primary. This 

configuration is redundant, when the primary’s bypass is activated, the 

secondary should be able to support the entire load instantaneously. UPSs 

can be different. 

 Parallel Redundant or «N+1» System: More identical UPSs modules in 

parallel on a single bus output. It needs a logic control, because it must 

have synchronised outputs. For this reason, UPSs have to be identical. The 

load is uniformly distributed among the modules and if they work at high 

percentages of load, the total efficiency increases. Every module can be hot 

swappable. The bus can be a single point of failure. 

 Distributed Redundant: Three or more UPS modules with independent input 

and output power lines. If using STS (Static Transfer Switch), the outputs 

of the UPS must be synchronised. The STS has two inputs and one output 

to the PDU. UPSs need a controller, because there is a risk during battery 

operation that the outputs are out of phase. Every module can be hot 

swappable. STS are single point of failure. 

 System plus system: This double parallel redundant system (2∙(N+1)) 

eliminates all single points of failure and maintains redundancy even when 

maintenance is performed. The two power supply lines must follow separate 

paths. The parallel UPS must be placed in distant locations. 

Each configuration provides different levels of availability, performance and costs. 

Electrical scheme 

The electrical schemes of the double and delta conversion UPS are shown in Figure 

A.0.40 and Figure A.0.41, respectively. 
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Figure A.0.40 Double Conversion UPS scheme: rectifier and inverter constantly convert all 

the power required by the load; bypass line is used in case of UPS failure or maintenance 

 

Figure A.0.41 Delta Conversion UPS scheme: rectifier and converter constantly convert all 

the power required by the load; delta transformer helps to provide power, drawing it from 

the main power; bypass line is used in case of UPS failure or maintenance 
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Calculation 

Evaluation parameters to size a UPS are operating parameters, availability and 

performance (efficiency).  

The operating parameters are: 

 Nominal Apparent Power S, must always be equal or higher than that total 

load 

 Nominal Active Power P, must always be equal or higher than that total load 

 Overload, necessary to quantify and verify that the UPS can support it 

 Operating Temperature, try to predict the temperature rise with the UPS at 

full load 

The availability defines the ability of the UPS to provide power to the loads 

continuously and is defined by the following formula: 

𝐴 =  (1 −  𝑀𝑇𝑇𝑅/𝑀𝑇𝐵𝐹) ∗ 100 

where MTTR is Mean Time to Repair and MTBF is Mean Time between Failures 

[136]. 

The efficiency η defines the relation between the output and the input active power 

at the UPS. 

η = 
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
 

 

Figure A.0.42 UPS efficiency decreases with decreasing load, thus better design and install 

modular UPS 
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Limits of application 

There are some limits to be considered, for example the noisiness. The noise level 

produced by the UPS should not exceed the allowable average noise level. The 

inclusion of the UPS in a specific environment must not alter the living conditions 

of that area.  

The size of a UPS is also an important factor. The space required for the installation 

of UPS is an important parameter for maintainability and it is a function of space 

cost per m2. 

The battery life depends on the ambient temperature, the charging parameters 

and the number of cycles of charge and discharge. 

Economic aspects 

Table A.0.14 Cost parameters for batteries systems [133] 

 Batteries 

Investment cost per unit installed power [€/kW] 400 

Investment cost per unit energy (cost/capacity/efficiency) [€/kWh] 200 

 

A basic utility cost model of a static UPS is described below: 

Cost of Energy =  𝑃 ∙  (
1

𝜂
− 1) ∙ 𝑡 ∙ 𝑐 

Where P is the active power (kW) supplied to the loads, η is the UPS efficiency 

reported to a given load level and, therefore, not necessarily the rated efficiency 

of the machine, t is the time in hours per year of service, to the same load level, 

and c is the unit cost of electricity per kWh. 

A.4.2 THERMAL ENERGY STORAGE 

It is well known that thermal energy storage (TES) could be the most appropriate 

way to close the gap between thermal energy demand and supply. TES can be 

based on four principles: temperature difference (sensible TES), phase change 

(latent TES), sorptive processes and reversible chemical reactions. The energy 

density in sensible heat storages is determined by the specific heat capacity of the 

storage material and the temperature difference, while in the latent storage, it is 

determined by the latent heat (enthalpy of fusion). Due to the still low degree of 

maturity of sorptive and chemical storages, this study only focuses on using 

sensible and latent heat storage materials.  
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There are two kinds of storage: short- and long-term storage. Hence, two different 

storage strategies can be studied:  

Short-term storage  

The cold is stored for some hours (i.e. during the night and the early morning free 

air cooling is used to cool the Data Centre while the TES system is storing cold at 

the same time). When the outside air conditions do not allow operating in free 

cooling mode, the cold stored is used to reduce partially or totally the Data Centre 

cooling demand (Figure A.0.43 a).  

Moreover, another strategy is to run chillers when their COP is high (the lower the 

outside temperature, the higher the COP) or when the electricity cost is low (during 

peak-off tariff rates) to produce cold and charge the TES. Notice that from using 

this strategy not only energy savings can be accomplished (higher COP rates), but 

also lower operational costs since cheap electricity is used.  

Seasonal (long-term) storage  

The cold is stored for many weeks or months during the cold season and it is 

released into Data Centres during warm/hot periods (Figure A.0.43 b). Although 

long-term storage has greater potential in practical applications, it is more 

technologically challenging than short-term storage since it requires large storage 

volumes and has greater risks of heat losses. Moreover, the storage material must 

be economical, reliable and ecological.  

  

a) short-term storage b) long-term storage 

Figure A.0.43 Average outside air temperature and TES charging/discharging periods in 

Barcelona (Spain): spring day with short-time storage (a) and whole year with long-term 

storage (b) 
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A.4.2.1 THERMAL ENERGY STORAGE – WATER  

General description 

A thermal energy storage (TES) can be applied for short-term storing of chilled or 

hot water, i.e. as cold or heat storage, respectively. Thermal stratification is 

important for efficient storage operation. The temperature-depending density of 

water is used to maintain layers with different temperatures within the storage 

tank (water temperature decreases from top to bottom). There are different 

possibilities for storage construction [109]. Here, flat-bottom tanks are assumed 

for the storage of chilled water.  

The storage system consists of the storage tank itself as well as pumps and valves 

for charging and discharging the storage (see Figure A.0.44). Connecting the 

storage to a hydraulic separator between the supply system (chillers for the case 

of cooling) and the consumer circuit (e.g. cooling distribution system) is 

favourable. 

Hydraulic scheme 

The hydraulic scheme of a chilled water thermal energy storage is shown in Figure 

A.0.44. 

 

Figure A.0.44 Hydraulic scheme of a chilled water thermal energy storage (example 

temperatures) 



Advanced concepts and tools for renewable energy supply of IT Data Centres 
RenewIT - Project number: 608679 

 
 

D4.5 Catalogue of advanced technical concepts for Net Zero Energy Data Centres 

Page 300 of 319 

  

Control 

The parallel pumps (cascade) which are equipped with variable-frequency drives 

control charging or discharging power. Valves are used for shifting between 

charging and discharging (these valves are not shown in Figure A.0.44). 

Calculation 

For sizing the storage, the required discharging or charging power �̇�CDS has to be 

defined as well as the time 𝑡CDS which has to be covered until the storage is fully 

charged or discharged. From �̇�CDS, the design charging/discharging volume flow 

�̇�CDS can be calculated as 

�̇�CDS =
�̇�CDS

∆𝑇 𝜌 𝑐𝑝
 

with the temperature difference ∆𝑇, water density 𝜌 and specific heat capacity 𝑐𝑝. 

The required storage volume is obtained from 𝑉TES = �̇�CDS 𝑡CDS. 

The power demand of the charging/discharging pump can be calculated from 

equation (7) on page 248. The pressure difference ∆𝑝 depends for example on the 

static pressure in the cooling supply system. For a typical chilled water storage 

(𝑉TES = 2700 m³, �̇�CDS = 315 m3/h), the required pressure difference is ∆𝑝pump =

0. 4 bar (static pressure 1.5 bar in hydraulic separator). 

Limits of application 

Chilled water storages are limited to a minimum water temperature of 4 °C due to 

density rise below this value. Unpressurised hot water storages as considered here 

are limited to a maximum temperature of 95 °C. 

Economic aspects 

The specific investment costs of chilled water storage systems (100 m³ ≤ 𝑉TES ≤

6000 m³) can be estimated as [102] 

𝑐 [€/𝑚³] = 𝑓𝑅𝑃𝐼
(𝑦−2008)

(−119.74 ln(𝑉𝑇𝐸𝑆 [𝑚3]) +  1291.1). 

A.4.2.2 THERMAL ENERGY STORAGE – ICE  

General description 

The main advantage of latent heat storage is the high storage density in small 

temperature interval. Ice is the most-used material for latent heat storage because 

it is cheap and available in many locations, has the best thermal properties and 

presents good long-term stability. The latent heat of fusion of ice to water at 0 °C 

is 333 kJ/kg. This amount of heat is equivalent to the energy demand necessary 

to heat one kg of water by 80 K. 
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In order use ice TES, the refrigeration equipment has to be operated at working 

temperatures below normal operation conditions for air-conditioning. Ice can be 

produced e.g. at low electricity cost periods and cold can be used at peak times. 

Different technological concepts are being used for the industry such as ice on coil, 

ice slurries, encapsulated ice and snow storage. 

More information about these concepts can be found in the project deliverable 4.1 

(Report of different options for renewable energy supply in Data Centres in 

Europe). 

Topology of the system 

Ice storage systems can permanently shift the energy use from peak periods to 

off-peak night periods, thereby slashing the peak electricity demand. This is 

achieved by charging the ice storage by operating chillers at off-peak periods and 

discharging the ice storage by melting ice during peak periods to meet the Data 

Centre’s cooling demand. This raises the possibility to reduce or even eliminate 

the chiller operation during peak periods. 

Ice storage systems are operated either as full or partial storage. Full storage 

unlike partial storage shifts the entire peak cooling load to off-peak periods. Partial 

storage uses chiller and storage priority strategies to split the load between the 

chiller and the storage. For the chiller priority strategy, the storage meets the 

cooling load during peak-hours only when the load exceeds the chiller capacity 

[137]. 

A schematic diagram of the ice TES system which has to be analysed is shown in 

Figure A.0.45. The whole ice TES system includes two main parts: 

 Charging cycle including evaporator, compressor, condenser, cooling tower 

and expansion valve 

 Discharging cycle including CRAH, discharging pump and ice storage tank 

Control 

Charging or discharging cooling power is controlled by the pumps, which are 

equipped with variable-frequency drives. Valves are used for shifting between 

charging and discharging. 

Calculation 

The following assumptions have been taken into consideration for developing a 

thermodynamic model of the ice TES system [138]: 

 Heat losses and pressure drop of expansion valve within the connecting 

pipes were assumed negligible. 
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Figure A.0.45 Schematic diagram of the ice TES system proposed [138] 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

All cooling energy is stored in the water/ice medium. 

 All kinetic and potential effects were assumed negligible. 

 The states of the refrigerant at evaporator and condenser outlets were 

considered as saturated vapour and saturated liquid, respectively. 

 Temperature distribution of the storage tank was assumed constant. 

The required cooling energy of the Data Centre (𝑄𝑐 [kWh]) can be estimated from 

its cooling load (𝑄�̇� [kW]): 

(𝑄𝑐  ) = ∫ 𝑄�̇�(𝑡)𝑑𝑡
𝑡𝑑𝑐

 

Where tdc is the discharging time (h). Assuming that cooling load of the Data 

Centres is known, the mass flow rate of air within the CRAH can be calculated as 

follows: 
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�̇�𝑎 =

𝑄𝑐

ℎ𝑖𝑛 − ℎ𝑜𝑢𝑡

̇
 

Where hin – hout is the difference in specific enthalpy of moist air before and after 

entering the CRAH unit. 

During the charging process, the temperature of the tank is Tst and the amount of 

heat leakage of the tank (Ql,ch) is: 

𝑄𝑙,𝑐ℎ = 𝐴𝑠𝑡

𝑇𝑎𝑚𝑏 − 𝑇𝑠𝑡

𝑅𝑡ℎ
𝑡𝑐ℎ 

where Ast, Rth and tch are the storage tank heat transfer surface area, thermal 

resistance of the storage tank and the charging time. 

Similarly, during discharging process the amount of heat losses of the tank is 

calculated as 

𝑄𝑙,𝑑𝑐 = 𝐴𝑠𝑡

𝑇𝑎𝑚𝑏 − 𝑇𝑑𝑐

𝑅𝑡ℎ
𝑡𝑑𝑐 ,  

where Tdc and tdc are discharging temperature and discharging time, respectively.  

Therefore, the cooling energy which should be stored in the storage vessel (Qst), 

can be obtained as 

𝑄𝑠𝑡 =
𝑄𝑐

𝜂𝑠𝑡
, 

where ηst is a thermal efficiency of the tank and is calculated as 

 

𝜂𝑠𝑡 =
𝑄𝑠𝑡−𝑄𝑙,𝑐ℎ−𝑄𝑙,𝑑𝑐

𝑄𝑠𝑡
= 1 − (

𝑄𝑙,𝑐ℎ+𝑄𝑙,𝑑𝑐

𝑄𝑠𝑡
) . 

Moreover, one of the characterising quantities of an ice storage tank is its 

effectiveness (ε) that is expressed as the ratio of the actual heat flow to the 

maximum heat flow: 

𝜀 =
𝑇𝑟 − 𝑇𝑠

𝑇𝑟 − 𝑇𝑠,𝑖𝑑𝑒𝑎𝑙
;  0 ≤ 𝜀 ≤ 1 

With known effectiveness, the rate of heat transfer from the brine solution to the 

ice during charging/discharging can be calculated as follows: 

�̇�𝑐ℎ/𝑑ℎ = 𝜀 ∙ �̇� · 𝑐𝑝 · (𝑇𝑖𝑛 − 𝑇𝑖𝑐𝑒) 

Where �̇�, cp are the flow rate and specific heat capacity of brine solution, 

respectively. The effectiveness by itself depends on the overall heat transfer 

coefficient between the brine and the ice in the tank during discharging. Heat 

transfer decreases as the ice melts and the layer of water builds up on the surface 

of the tubes. As a result, the outlet temperature increases and the effectiveness 
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drops. As the discharging progresses and the ice portion is reduced, the 

effectiveness of tank decreases as well. 

Limits of application 

In order to use this type of storage, the refrigeration equipment has to be operated 

at working temperatures below normal operation conditions (-8 to 6 °C) for air-

conditioning. 

Economic aspects 

Present costs in the case of ice storage can be found between 150 and 300 €/kWh 

of energy accumulated.  

A.5 WASTE HEAT RECOVERY 

A.5.1 (LOW-EX) HEATING SYSTEM  

General description 

A building heating system can make use of the heat produced in the Data Centre 

for space heating, e.g. in offices related to the Data Centre or in other facilities 

close to it. The heating system is a heat sink characterised by a heat demand and 

certain supply and return temperatures. Favourable are Low-Ex systems with 

supply temperatures being close to the ambient temperature. 

As shown in Figure A.0.46, different solutions are possible depending on the IT 

cooling system: 

a) If heat is absorbed from the IT hardware by direct liquid cooling system, the 

water of the cooling circuit can be used for space heating (heat sink HSI1). 

A heat storage could be included in the heating system for balancing the 

difference between heat supply and demand as well as smoothing 

fluctuating water temperatures. 

b) For the case of air-cooled IT, the heated air can be passed directly to the 

rooms that require heating. 

Hydraulic scheme 

The hydraulic schemes of heating systems using heat from the Data Centre for the 

cases of IT direct cooling and air-cooling are shown in Figure A.0.46. 

Control 

a) Water-heating system 

The heating circuit is run with variable flow (pump P2) for energy efficient 

operation. The pump control is adapted to the heating system. A three-way valve 
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TWV1 is controlled for maintaining the set point supply temperature 𝑇hsi,s 

(depending on ambient temperature) by admixing return water. 

b) Air-heating system 

The air volume flow supplied to the heat consumer can be controlled by means of 

a variable-frequency driven fan. 

 

Figure A.0.46 Hydraulic scheme of heating systems using heat from the Data Centre for 

the case of IT direct cooling (a) and air cooling (b); example temperatures 

Calculation 

Heat sink inlet and outlet temperatures 𝑇ℎ𝑠𝑖,𝑠 and 𝑇ℎ𝑠𝑖,𝑟, respectively, are connected 

to the heating power �̇�ℎ by 

�̇�ℎ = �̇�𝜌𝑐𝑝(𝑇ℎ,𝑠 − 𝑇ℎ,𝑟) 

with the heat carrier’s flow rate �̇�, its density 𝜌 and its specific heat capacity 𝑐𝑝. 

Design temperatures can be for example: 

 𝑇ℎ𝑠𝑖,𝑠 = 70 °C/𝑇ℎ𝑠𝑖,𝑟 = 55 °C (low temperature radiator heating system) 

 55/45 °C (radiator heating system with reduced temperatures) 

 35/30 °C (Low-Ex radiator or underfloor heating system) 
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 28/22 °C (wall and/or underfloor heating system) 

Limits of application 

A significant heat demand is required close to the Data Centre. The design 

temperatures of the IT cooling system and the space heating system have to be 

harmonised. 

A.5.2 HEAT PUMP  

General description 

The main function of a heat pump is raising heat to a higher temperature level in 

order to supply a heat demand. The main components of an electrically driven heat 

pump are compressor, condenser, expansion valve and evaporator as shown in 

Figure A.0.47. The heat pump cycle is identical to the vapour-compression 

refrigeration cycle. The basic difference between a heat pump and a refrigerator 

(chiller) is that in a refrigeration system cooling of the fluid flowing through the 

evaporator (primary circuit) is the main purpose while heating of the fluid in the 

condenser (secondary circuit) is aspired in heat pump application.  

Here, both cooling of the primary circuit and heating of the secondary circuit are 

beneficial. A water-water high-temperature heat pump is used for cooling the 

water coming from the white space. The condenser heats water up to e.g. 70 °C 

for application in space heating systems or feed into a district heating system. 

Hydraulic scheme 

The hydraulic scheme of a heat pump is shown in Figure A.0.47. 

Control 

A set point is presumed for the hot water outlet temperature of the condenser. A 

pump equipped with variable-frequency drive (VFD) regulates the flow of water 

flowing through evaporator and condenser accordingly. Controlling of the 

temperature, load and pressure difference are possible within the allowable limits 

of the heat pump. Also desired temperature difference between inlet and outlet of 

evaporator and condenser could be obtained with the VFD pump. 

As cooling supply is very important in Data Centres, controlling the heating power 

of the heat pump must not result in too low cooling power in the primary circuit. 

The coefficient of performance (COP) of a heat pump is defined as 

𝐶𝑂𝑃ℎ𝑝 =  
�̇�ℎ𝑝

𝑃𝑒𝑙

 , 

where �̇�ℎ𝑝 is the thermal output and 𝑃𝑒𝑙 is the power consumption of the unit. In 

most applications, the COP is between 2 and 6 [139]. The COP value depends for 
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instance on the temperature difference between heat source and heat sink as well 

as on the type of heat pump. Its value decreases as the temperature difference 

increases [140].  

Figure A.0.48 shows the energy flow of a heat pump. The thermal output �̇�ℎ𝑝 

equals the sum of thermal input �̇�0 (cooling power) and electrical energy supply 

𝑃el: �̇�ℎ𝑝 = �̇�0 + 𝑃𝑒𝑙. 

 

Figure A.0.47 Hydraulic scheme of a heat pump for water-cooling (example temperatures) 

Limits of application 

Water-to-water heat pumps are available in the market from 1 kW to 10 MW [141]. 

Thermea Energiesysteme [142] offers high-temperature heat pumps with CO2 as 

refrigerant in the range from 45 kW to 360 kW (reciprocating compressor) as well 

as 1 MW (screw compressor). These heat pumps have allowable temperatures at 

the inlet and outlet of the evaporator from 8 to 50 °C and from 2 to 35 °C, 

respectively and at the condenser from 10 to 50 °C and from 40 to 90 °C 

respectively. The working fluid is water. 

Economics aspects 

From budget prices provided by Thermea, the following function was derived 

describing the investment costs for a high-temperature heat pump (CO2): 

𝑐�̇�  [€/𝑘𝑊] = 98370.2 �̇�ℎ𝑝 [𝑘𝑊]−1.2183 + 178.06     (valid for 45 kW ≤ �̇�ℎ𝑝 ≤ 1000 kW). 

Here, 𝑐�̇� and �̇�hp represent the specific investment costs and the heating power, 

respectively. The cost data used for deriving the equation were based on heat 

source and heat sink temperatures of 35/28 °C and 70/40 °C, respectively. 
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Figure A.0.48 Schematic energy flow of a heat pump 

A.5.3 FEED INTO DISTRICT HEATING SYSTEM  

General description 

Heat produced in a Data Centre can be fed into a district heating (DH) system 

when a DH network is available and suitable temperatures can be reached from 

direct liquid cooling (with heat pump if necessary). The main component is a heat 

exchanger (HEX1 in Figure A.0.49) which separates the Data Centre cooling 

system from the DH system. 

Hydraulic scheme 

The hydraulic scheme of a transfer system for feeding heat into a district heating 

system is shown in Figure A.0.49. 

 

Figure A.0.49 Hydraulic scheme of a transfer system for feeding heat into a district heating 

system (example temperatures) 



Advanced concepts and tools for renewable energy supply of IT Data Centres 
RenewIT - Project number: 608679 

 
 

D4.5 Catalogue of advanced technical concepts for Net Zero Energy Data Centres 

  Page 309 of 319 

   

Control 

A variable-frequency driven pump P1 in the hot water “cooling” circuit can be used 

for keeping the hot water supply temperature at a given set point. However, 

running the “cooling” circuit according to the supply temperature at the DH heat 

exchanger must not interfere with IT operation. 

Calculation 

For a plate heat exchanger operating under counter-flow conditions, the required 

product of total heat transfer coefficient 𝑈0 and heat transfer surface area 𝐴HEX can 

be calculated from the heat transfer rate �̇�HEX and the mean temperature 

difference ∆𝑇m: 

𝑈0𝐴HEX =
�̇�HEX

∆𝑇m
  with  ∆𝑇m =

(𝑇hot,in − 𝑇cold,out) − (𝑇hot,out − 𝑇cold,in)

ln[(𝑇hot,in − 𝑇cold,out)/(𝑇hot,out − 𝑇cold,in)]
 

With the temperatures indicated in Figure A.0.49, the equation for ∆𝑇m reads 

∆𝑇m =
(𝑇h,s − 𝑇DH,s) − (𝑇h,r − 𝑇DH,r)

ln[(𝑇h,s − 𝑇DH,s)/(𝑇h,r − 𝑇DH,r)]
. 

A typical approach temperature (temperature difference between hot outlet and 

cold inlet) of water/water heat exchangers is 5 K. However, here a large heat 

exchanger with an approach of e.g. 2 K should be used. Thus, the temperature 

that has to be produced in the hot water “cooling” circuit by the IT hardware or a 

heat pump is reduced. 

Typical design overall heat transfer coefficients of liquid/liquid plate heat 

exchangers are 𝑈0 = 1200 … 4500 W/m²K [143]. 𝑈0 decreases when the volume flow 

rates through the heat exchanger are reduced during part-load condition as can 

be seen from Figure A.0.50. 

 

Figure A.0.50 Relative overall heat transfer coefficient of a water/water plate heat 

exchanger depending on the relative water flow rate (equal flow rates on primary and 

secondary side) 
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Limits of application 

Feeding heat from the Data Centre into a district heating system requires a 

network being available or built. The hot water produced in the Data Centre needs 

to have a suitable temperature. 

Economic aspects 

The investment costs for a gasketed plate heat exchanger can be estimated from 

[113] 

𝐶 [€] = 𝑓RPI
(𝑦−2002)

(151.7017 𝐴HEX[m2]0.8829 + 421.17)   (valid for 1 ≤ 𝐴HEX ≤ 550 m2). 

The cost function was derived for stainless steel plates with EPDM-HT gaskets, 

maximum temperature and pressure being 160 °C and 10 bar, respectively. 

A.6 HEAT PRODUCTION 

A.6.1 SOLAR COLLECTOR FIELD  

General description 

Solar thermal collectors harvest solar radiation to convert it into heat. The 

application of this heat in the case of thermally-driven cooling technologies is to 

produce cold (extract heat). Thermally-driven cooling processes require a high 

temperatures heat source. Collectors that can fulfil the aforementioned condition 

will be focused in this section.  

The temperature range of the thermal sources required for the cooling production 

depends on the type of cooling equipment used, which were defined in the previous 

chapters: 50 °C or more for desiccant cooling based open systems, 65 ºC or more 

for adsorption chiller based closed systems and 85 ºC or more for absorption chiller 

based closed systems. Due to this temperature difference, the choice of the most 

suitable solar collector type varies according to cooling equipment type. 

Different collector technologies have been developed in order to achieve a higher 

efficiency at higher temperatures. Two major types of solar collectors can be 

considered for providing the temperatures required in closed solar assisted air 

conditioning systems: 

Stationary collectors 

These collectors do not use any mechanisms to track the sun. They can produce 

heat at low and medium temperatures (up to 150 °C). Flat-plate collectors (FPC), 

evacuated tube collectors (ETC) and compound parabolic concentrator (CPC) type 

concentrators belong to this group of collectors. 
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Concentrating tracking devices (Parabolic trough collectors, linear Fresnel 

collectors) 

These are sun-tracking collectors used both in solar process heat plants and in 

large power plants for solar thermal electricity generation. Temperatures up to 

400 °C can be obtained with good efficiency. 

In addition to these collector types that offer better efficiency at high 

temperatures, solar air collectors offer good results at low temperatures and are 

therefore suitable for applications such as desiccant cooling. 

A description of the most important solar collector types is given in the following 

sections. 

A.6.1.1 FLAT-PLATE COLLECTORS 

The flat-plate collector is the simplest type used to transform the energy from the 

sun into heat. The fluid circulating in the absorber is usually water (often with 

additives for freeze protection), although other liquids (and even steam) can be 

used depending on the application and the required operating temperature. 

In an attempt to reduce heat losses, these collectors incorporate different 

technologies as for example selective absorbers and double cover. 

A.6.1.2 SOLAR AIR COLLECTORS 

Solar air collectors operate just like flat-plate liquid collectors, but the heat transfer 

fluid is air instead of a liquid and a fan provokes the circulation instead of a pump. 

They are suitable for open systems (desiccant and evaporative cooling) but not for 

closed system (based on thermally-driven chillers).  

A.6.1.3 EVACUATED TUBE COLLECTORS 

Evacuated tube collectors are made up of rows of parallel glass tubes connected 

to a header pipe. Each single tube is evacuated in order to reduce heat losses. The 

tubular geometry is necessary to support the pressure difference between the 

atmospheric pressure and the internal vacuum. Evacuated tube collectors can be 

classified into two main groups: direct flow tubes and heat pipe tubes. 

Some evacuated tube collectors include rear mounted reflectors behind the 

evacuated tube collectors or inside the glass tube. The external reflectors increase 

the radiation received by the collector as the radiation that usually passes through 

the gap between tubes is driven back onto the absorber. 
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Figure A.0.51 Sydney type collector with CPC reflector [144] 

A.6.1.4 PARABOLIC TROUGH COLLECTORS AND FRESNEL COLLECTORS  

Solar tracking concentrators are classified depending on the way they track the 

movement of the sun: 

 One-axis solar tracking and linear focus systems can track the sun only 

along its angle of elevation over the horizon  

 In two-axis tracking and point focus systems (e.g. parabolic dishes), the 

sun’s rays are always perpendicular to the collector surfaces. Point focus 

systems are normally only used for applications requiring temperatures 

higher than 400 °C 

The most characteristic one axis-tracking collector is the so-called parabolic trough 

collector (PTC). Parabolic trough collectors are the most mature concentrating 

solar technology to generate heat at temperatures up to 400 °C for solar thermal 

electricity generation or process heat applications. Reflectors with a parabolic 

shape concentrate direct solar radiation onto the receptor located in the focal line 

of the parabola. The receptor consists of an absorber tube of an area usually 25 to 

35 times smaller than the aperture. The fluid to be heated is circulated through 

the absorber piping. Water and thermal oil are typically used as working fluids. 

Parabolic trough collectors have a very low thermal loss coefficient and are 

therefore well suited for applications at higher temperatures. They do not use the 

diffuse part of the solar radiation; however, they do make a better usage of the 

direct (beam) radiation than stationary collectors due to the sun tracking 

mechanism. 

A technology with similar characteristics are linear Fresnel collectors (LFC). In this 

case, the absorber is fixed and only a set of Fresnel mirrors are oriented. LFC have 

lower costs, but their temperature range is also more limited (<250 °C). 

Hydraulic scheme 

The hydraulic scheme of a solar field test bench is shown in Figure A.0.52. 
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Control 

The aim of control in a solar system is simple: optimise the efficiency of thermal 

energy transfer from the collectors to the consumption, taking into account all the 

security issues. 

For the regulation of the solar circuit, a temperature sensor is situated in the 

collector field, and another one in the lower part of the solar storage. When the 

temperature of the collector is higher than the temperature in the storage, the 

circulation pump switches on; when the temperatures reach an equilibrium the 

pump stops. A simple differential controller allows to control these operations. The 

role of the control device is to allow the transfer of the energy collected only if the 

thermal fluid temperature in the collector field is higher than the temperature 

stored in the solar tank. 

Another common solution is the regulation thanks to a radiation control. In this 

case, the primary circuit pump is regulated according to the irradiance. Instead of 

 

Figure A.0.52 Hydraulic scheme of a solar field test bench [145] 

the temperature sensors, a radiation sensor with the same inclination and 

orientation as the collector is used. If the irradiance exceeds a certain value, for 

example 150–200 W/m2, the primary circuit pump switches on. 

The flow rate inside the collectors can be variable or constant. The first option is 

called “matched-flow” and the flow rate is variable depending on the desired 

temperature at the outlet of the collector field. The other and most common option 
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is to consider that the mass flow rate is constant. However, this strategy does not 

allow reaching reasonable supply temperatures from the collectors when the 

irradiation is low. 

Calculation 

The instantaneous efficiency () of a solar collector is defined by the ratio of the 

power delivered to the load (circulating fluid) to the incident solar irradiation on 

the aperture area of the collector. The efficiency is usually represented as a 

function of ΔT/Gt and the concentration factors, where T is the difference between 

the average fluid temperature in the collector and the ambient temperature; 

Gt (W/m2) is the total solar irradiation (direct plus diffuse). The efficiency nconc of 

a non-concentrating solar collector is thus written as: 

t
nconc G

T
Tccc


 )( 210

 

Where c0 is the optical efficiency (a function of collector cover transmission and 

receiver absorption); c1, c2 are the linear and quadratic heat loss coefficients, 

parameters that characterise the heat losses from the collector to the atmosphere 

(including convection, conduction and radiation heat loss mechanisms); c1 is given 

in W/(K m2), c2 in W/(K2m2).  

Similarly, the efficiency of concentrating solar collectors is calculated as follows: 

𝜂𝑐𝑜𝑛𝑐 = 𝜌𝑅𝑒𝑓𝑙 ∙ (1 − 𝜌𝐴𝑏𝑠) −
𝛼𝑐𝑜𝑛𝑣

𝐺𝑑𝑖𝑟,𝑑𝑖𝑓 ∙ 𝐶
(𝑇𝐴𝑏𝑠 − 𝑇𝑎𝑚𝑏) −

𝜀 ∙ 𝜎

𝐺𝑑𝑖𝑟,𝑑𝑖𝑓 ∙ 𝐶
(𝑇𝐴𝑏𝑠

4 − 𝑇𝑎𝑚𝑏
4 ). 

Where 𝜌𝑅𝑒𝑓𝑙  and 𝜌𝐴𝑏𝑠 are the reflectivity of the absorber and reflector respectively, 

𝛼 is the heat transfer coefficient, C is the concentration factor, 𝑇𝐴𝑏𝑠 is the surface 

temperature of the absorber and 𝑇𝑎𝑚𝑏 is the ambient temperature. 

In Figure A.0.53, the efficiency of different types of collectors is shown as a 

function of temperature difference between ambient air and average fluid 

temperature inside the collector. 

Limits of application 

The weather conditions and the availability of space limits the application of solar 

thermal systems. 

Economic aspects 

As far as the present costs on solar thermal energy collectors are concerned, based 

on previous studies, a significant scattering of values can be observed, although 

they move from around 700 €/m2 in small sizes to around 300-400 €/m2 in bigger 

sizes [146]. 
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Combining that data with the efficiencies of the collectors gives cost of solar 

thermal energy at 90 °C (working temperature for thermally driven chillers) 

between 0.15 and 0.35 €/kWh in an example for a location like Barcelona [147]. 

 

Figure A.0.53 Instantaneous efficiency for different solar collector types [148] 

A.6.2 BIOMASS DIRECT COMBUSTION 

General description 

Renewable energy boilers are based on the principle of transforming the energy 

capacity of renewable energy biomass sources (solid biomass, biogas, biofuels…) 

into heat through direct combustion. The main market solution for these types of 

boilers is focused on solid biomass, which is the renewable energy that costs less 

and has a comparably easy means of being transported and purchased. 

Renewable energy boilers can be used to heat water under its boiling point, to 

produce superheated water (over 100 ºC), to generate steam, or to heat other 

thermal fluids. The operating temperature of the boiler is important, since it can 

be connected to different types of thermally-driven cooling machines with 

significant differences in cooling transformation efficiency. 

As far as the internal technical characteristics of the boilers are concerned, they 

can be either water tube boilers, using water as working fluid inside the pipes, or 

fire tube boilers, using flue gas inside the pipes. They can also try to take 

advantage of condensation, in low temperature levels, although this is unusual for 

solid biomass. 

Scheme 

The scheme of an industrial biomass boiler for a power generation cycle is shown 

in Figure A.0.54. 
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Control 

The control as in a conventional boiler is done by adjusting the fuel supply, in this 

case, the biomass, through a transport auger or vacuum. Additionally, the steam 

cycle can be controlled. 

Calculation 

The efficiency of a renewable energy boiler is defined as 

𝜂boiler =  
�̇�H

�̇�fuel 𝐿𝐻𝑉
 

where �̇�H is the useful rate of heat, �̇�fuel is the rate of supplied fuel (biomass) and 

LHV is the lower heating value of the fuel.  

As in any other kind of boiler, its performance varies depending on its load ratio. 

Figure A.0.55 illustrates the range of typical efficiencies for different types of 

boiler. 

 

Figure A.0.54 Scheme of an industrial biomass boiler for a power generation cycle [149] 
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Figure A.0.55 Typical efficiencies for different types of boiler [150] 

Limits of application 

A wide range of capacities is available. The only limitations of this technology are 

fuel availability and the space needed to store it. 

Economic aspects 

As far as costs are concerned, investment costs for different technologies for hot 

water are between 500 and 1200 €/kW (quotes from manufacturers in projects 

ranging from 50 kW to 2 MW). 

A.6.3 BIOMASS GASIFICATION  

General description 

Gasification is a thermochemical process of incomplete combustion, which 

generates a gas mixture called synthesis gas or syngas. Syngas is composed 

mainly of H2, CO, CO2 and CH4. Biomass gasification has some advantages over 

direct biomass combustion because the gas can be cleaned and filtered in order to 

avoid unwanted chemical products after combustion reaction. Gasification can be 

done with chemical or biological reactions, such as anaerobic digestion, but 

thermal gasification is nowadays the only nearly commercial option. 

The gasification process consists of four stages:  

 Drying: drying of biomass 
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 Pyrolysis: thermal decomposition of solid biomass (oxygen-starved 

environment) that produces solid, liquids and char. Biomass fuels are ideal 

for pyrolysis because of their volatile components. 

 Combustion: convert the leftover tar and chars into CO using steam and/or 

partial combustion 

 Reduction: In biomass gasification, oxygen is not used because biomass ash 

has a lower melting point than coal ash and the plant scale is smaller. 

These processes are carried out in the gasification reactor or gasifier. These are 

mainly classified based on the form of contact between the solid phase and the 

gas or in other words by type of bed phase: 

 Fixed bed gasifiers have fixed biomass solid particles through which bed 

gasification agent (air) moves. Depending on the direction of the product 

gas flow and the fuel, bed reactors can have counter-current flow or upward 

(updraft), parallel or downstream (downdraft) and cross-flow (crossdraft). 

 Fluidised bed gasifiers utilise the same gasification processes and offer 

higher performance than fixed bed systems, but with greater complexity 

and cost. Similar to fluidised bed boilers, the primary gasification process 

takes place in a bed of hot inert materials suspended by an upward motion 

of oxygen-deprived gas. 

Table A.0.15 Basic data of biomass gasification technologies [151] 

Parameter Fixed Bed, Downdraft Fluidised Bed 

Fuel size [mm] 10.16–101.6 0.0–20.32 

Fuel ash content [% weight] <6 <25 

Operating Temperature [ºC] 787-1400 732-954 

Capacity [MWthermal] (tons biomass/day) <5 (<30) 5 and up (>30) 

Start-up time Minutes Hours 

Operation attention Low Average 

 

Scheme 

The scheme of a biomass gasification system is shown in Figure A.0.56. 
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Figure A.0.56 Scheme of a biogas gasification system [152] 

Control 

The gasification process control is done by regulating the supply of biomass and 

gas reinjection. However, the process should be as stable as possible. 

Calculation 

The efficiency of a gasification process depends on the technology used and the 

type of biomass. Typical efficiency values are 0.6 to 0.8 with fixed bed gasifiers 

and 0.7 to 0.95 with fluidised bed gasifiers. 

Limits of application 

Main limitations are fuel availability and the space needed to store it. In addition, 

the flexibility of system operation is very low. 

Economic aspects 

This technology is still at an early stage. The costs of gasifiers according to 

suppliers (Logic energy [153], Kuntschaar [154]) are between 600 and 1300 €/kW 

(related to syngas power). 

 

 


