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Abstract 

The HVAC systems of hospitals, especially of University Medical Centres (UMCs), are large 

consumers of energy in the build environment were energy use becomes a real problem and raises 

concerns. If energy reduction in UMCs is considered, they encounter problems in defining reduction 

measures due to the complexity of their building systems. A consistent framework and good governance is 

recommended to provide guidance for energy reduction. 

This research tested if the Pareto analysis method, as known in other fields, is a useful framework for 

defining energy reduction measures in UMCs. The Pareto analysis assumes that the majority of problems 

can be defined by a few major causes. For testing the hypothesis that the Pareto analysis is a useful 

method for energy reduction in UMCs, isolation rooms in Erasmus Medical Centre Rotterdam (EMC) were 

used as case study. This function was defined as the largest energy consuming function of EMC, based on 

energy intensity (GJ/m
2
) and total energy consumption (GJ based on the gross floor area of the function). 

Considering the basic steps of the Pareto analysis, the Key Performance Indicators (KPIs) of the 

energy consumption in isolation rooms were defined: user influences, temperature and air changes per 

hour (ACH). 

 

Users influence the energy consumption by their presence and occupancy, since rooms are 

conditioned for the users. Observations in EMC show that isolation rooms are often unoccupied or 

occupied by non-isolation patients, instead of isolation patients, for which the rooms are initially intended. 

Resulting in over conditioned rooms, if rooms are not occupied, or occupied by non-isolation patients. A 

lack of protocols for hospitalization of patients in isolation rooms is the root cause of this problem. 

Relative large amounts of airflow influences the energy consumption of isolation rooms. And if 

ventilation is considered, the ACH in isolation rooms of EMC is larger than the by the ‘Werkgroep Infectie 

Preventie’ (WIP) recommended ACH. The root cause effect of this energy consuming aspect is defined as: 

the patient safety is replaced by insufficient founded HVAC operation, based on good practice, resulting in 

probably more energy consumption than needed for providing patients safety in isolation rooms. 

From data of the Building Management System and observations on user presence and occupancy, it 

was concluded that temperature setback (in case of non-occupied rooms) rarely occurs, due to the 

absence of protocols. 

 

Based on these KPIs, corrective actions were defined, in which the fundamental causes are considered 

and adapted, resulting in minimization of the energy consumption. The action plan considered 

recommended ventilation amounts and temperature settings during different types of occupancy (not 

occupied, occupied by non-isolation patients or occupied by isolation patients). 

Observations on the users activity and interviews on the functional use of isolation rooms concluded 

that the energy can be reduced by temperature setback, during times rooms are unoccupied or occupied 

by non-isolation patients. Additionally, energy reduction by setback in ACH can be implemented during 

times the level of activity is low, as activity (door opening/closure) increases the risk of transmission. 

 

From a room model and measurements on the potential of ACH setback during different type of 

occupancy, it was concluded that transmission of infectious particles through undefined cracks and gaps is 

the most critical situation of the infection transmission risk. These results revealed that at lower values of 

ACH, the contamination concentration in the isolation rooms is more uniform distributed and result in a 

more controllable situation. 

 

In a simulation model, the energy reduction potential through alignment between ACH, temperature 

and occupancy and presence is considered. From these results it is concluded that the hypothesis that the 

Pareto analysis is a useful method for accessing the energy reduction potential in isolation rooms is 

accepted. The majority of the energy consumption can be reduced by accessing the KPIs.  
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List of tables, figures and abbreviations 

The following table describes the abbreviations used throughout this thesis. Their meaning is explained 

and its units are given.  

.               

Abbreviation Meaning        Unit   

∆P  Pressure difference      [Pa] 

∆t  Temperature difference      [°C] 

ϕ   Air volume       [m
3
/h or m

3
/s] 

ϕcd  Air volume through clearly defined openings    [m
3
/h or m

3
/s] 

ϕcg  Air volume through undefined cracks and gaps   [m
3
/h or m

3
/s] 

ϕex  Volume of exhaust air      [m
3
/h or m

3
/s] 

ϕf  Volume flux       [m
3
/h or m

3
/s] 

ϕhm  Air movement volume through human motion   [m
3
/h or m

3
/s] 

ϕin  Volume of incoming air      [m
3
/h or m

3
/s] 

ϕip  Air volume trough inversed pressure difference   [m
3
/h or m

3
/s] 

ϕout  Volume of outgoing air      [m
3
/h or m

3
/s] 

ϕr  Recirculated air volume      [m
3
/h or m

3
/s] 

ϕrisk  Risk forming air flow      [m
3
/h or m

3
/s] 

ϕs  Volume of air supply      [m
3
/h or m

3
/s] 

ϕvar  Volume of variable air flow      [m
3
/h or m

3
/s] 

ρ   Density of air        [kg/m
3
] 

λcrc  Thermal conductivity compressed reinforced concrete  [W/m
2
.K] 

λff  Thermal conductivity finishing floor     [W/m
2
.K] 

λlm  Thermal conductivity limestone     [W/m
2
.K] 

λsc  Thermal conductivity suspended ceiling    [W/m
2
.K] 

μ   Micrometer, micron      [10
-6

 m] 

A   Area         [m
2
] 

ACH  Air changes per hour      [
-
h] 

AHU  Air handling unit       - 

AIA  American Institute of Architects     - 

AIIR  Airborne infection isolation room     - 

Ant  Anteroom       - 

BMS  Building Management System     - 

BR  Bedroom       - 

c   Geometric coefficient of gaps     [-] 

C   Contamination concentration     [Particles/m
3
] 

CDC  Center for Disease Control     - 

cdr  Drag coefficient       [-] 

CFU  Colony Forming Units      CFU/m
3
  

Ci  Contamination concentration in room    [Particles/m
3
] 

CO2  Carbon dioxide gas      - 

cp,air  Specific heat capacity of air      [KJ/kg.K] 

Cr  Contamination concentration in reculated air    [Particles/m
3
] 

Cs  Contamination concentration in air supply    [Particles/m
3
] 

dcrc  Thickness compressed reinforced concrete    [m] 

dff  Thickness finishing floor      [m] 

dlm  Thickness limestone      [m] 

dsc  Thickness suspended ceiling     [m] 

E   Emission rate       [Particles/s] 

EHVAC   Energy demand/supply HVAC system    - 

EMC  Erasmus Medical Centre      - 

Ex  Exhaust        - 

g   Energy transmittance through window (g-value0   [-] 

he  Thermal transmittance outside surface    - 

HEPA  High efficiency particle filter     - 

HVAC  Heating, cooling and ventilation system    - 
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ID50  Infection dose that will infect 50% of the experimental group  - 

IC  Intensive care       - 

IGZ  Inspectie voor gezondheidszorg     -  

Inf  Infiltration at 10 Pa       [m
3
(s.m

2
)] 

Isol. r.  Isolation room       - 

KPI  Key Performance Indicator     - 

m  Mass         [kg] 

MC  Medical centre       - 

MC/HC  Medium care/high care      - 

MJA3  Meerjarenafspraken 3      - 

MRSA  Meticilline Resistent Staphylococcus Aureus    - 

ɲ   Efficiency        [%] 

ɲ𝑓𝑖𝑙𝑡𝑒𝑟  Efficiency of HEPA filter      [%] 

ON/HE  Oncology / Hematology      - 

P   Point        - 

PER  Protective environment room     - 

Psol  Heat flux, thermal power per unit area     [W/m
2
] 

Qcap,cooling  Cooling capacity        [W] 

Qeq  Internal heat production equipment     [W] 

Qihp  Internal heat production       [W] 

Qinf  Heat loss by infiltration       [W] 

Ql  Internal heat production lighting      [W] 

Qloss,heat  Heat loss        [W] 

Qpers  Internal heat production persons      [W] 

Qsol  Heat production by solar radiation     [W] 

Qtr  Heat transmission throug surface      [W] 

Qtr,e  Heat transmission through external surface     [W] 

Qtr,I  Heat transmission through internal surface     [W] 

Qvent  Heat loss by ventilation       [W] 

R   Recirculation       - 

RCA  Root Cause Analysis      - 

Rc,pcp  Thermal resistance       [m
2
.K/W] 

Re  External transfer resistance     [m
2
.K/W] 

Ri  Internal transfer resistance     [m
2
.K/W] 

S   Infection source       - 

San  Sanitary        - 

SR  Surgery room       - 

t   Time        [s, min or h] 

Tair,s  Temperature air supply (air from AHU and recirulation)  [°C] 

Tc  Temperature corridor       [°C] 

Te  External temperature       [°C] 

Ti,ab  Internal temperature adjacent room (above)    [°C] 

Tc  Internal temperature corridor      [°C] 

Ti,or  Internal temperature other adjacent room     [°C] 

Ti,r  Internal temperature room      [°C] 

Ti,san  Internal temperature sanitary     [°C] 

Ti,u  Internal temperature adjacent room (under)    [°C] 

Tr & exam. Treatment and examination room     - 

U   Heat transfer coefficient       [W/m
2
.K] 

Ual  Heat transfer coefficient aluminium      [W/m
2
.K] 

Uwf  Heat transfer coefficient wall façade    [W/m
2
.K] 

UMC  University medical centre      - 

v   Velocity of air flow       [m/s] 

VCCN  Vereniging Contamination Control Nederland   - 

V   Volume        [m
3
/h] 

Vf  Volume air supply (air from AHU and recirculation)   [m
3
/h]  

WIP  Werkgroep Infectie Preventie     - 
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1. Introduction 

1.1. Rationale 

Energy consumption and concerns 

The world’s energy consumption raises concerns over supply difficulties, exhaustion of energy 

resources and heavy environmental impacts. Of this world’s energy consumption, 20-40% is used in the 

building sector of developed countries [Colmenar-Santos et al., 2012].  

 

Energy reduction potential of University Medical Centres (UMCs) 

Literature review shows hospitals to be one of the large consumers of energy in the building sector. 

Approximately 6% of the total energy consumption in the utility buildings sector is represented by hospitals’ 

energy consumption [Teke et al., 2014]. In the Netherlands, the healthcare sector consumes 1,64% of the 

energy consumption, of which 64% is consumed by UMCs [ECN, 2014]. 

Preliminary research revealed that UMCs have high potential for energy reduction in their heating, 

ventilation and air conditioning (HVAC) systems [Schoenmakers, 2014]. However, if sustainability is 

considered, UMCs encounter problems in defining reduction measures and detecting inefficiencies due to 

the complex nature of their building, building systems and operational processes. Measures taken in order 

to reduce energy consumption or increase energy efficiency are often insufficiently founded, and 

guidelines, regulations and governance provide often only little guidance. Energy consumers, energy flows 

and energy wasting components are often unknown, resulting in uncertain parameters for sustainable 

energy reduction investments. The preliminary research concluded that energy management protocols 

require a framework, by which good practices can be established to support energy reduction. 

 

Energy consumption of the HVAC system 

HVAC systems consume approximately 50% of the total primary energy used in UMC buildings [EAR, 

2013]. Operational optimization of these systems is not an easy task since many interrelated building 

parameters, building user characteristics and building services components influence the operation and 

performance of these large-scale HVAC systems. The main problems in the optimization process are the 

difficulties in detecting inefficiencies and intricate relations between the energy consumption and 

influencing parameters [Korolija et al., 2011]. 

The majority of the research already performed on energy reduction in UMCs, was aimed on efficient 

generation of energy, compared to little research on the HVACs energy demand and supply (actual energy 

consumption), although its energy reduction potential. Awareness of user influences on HVAC systems is 

an important, but fairly unknown parameter of the demand [Pérez-Lombard et al., 2007]. 

Often there is not enough internal support for energy reduction, as hospital care providers are in lead in 

decision making and are reserved towards energy reduction and sustainability. On the other hand, they 

possibly do not have enough information and insight in the energy consumption. It is a challenge for the 

engineering working field to create this support. During energy reduction considerations, hospital 

healthcare providers need to be convinced that equal ‘patient safety’ can also be achieved with less 

energy. Additionally, this means that research on energy reduction requires engineers to take patient 

safety, as far as it is provided by the building systems, into account [Kranenburg, 2013]. 

 

HVAC system in isolation rooms 

One of the UMCs in the Netherlands that face challenges in reduction of HVAC energy consumption is 

Erasmus Medical Centre Rotterdam (EMC). This UMC is used as case study in order to define a 

framework towards efficiently management of energy reduction potential in UMCs. In order to constrain the 

complexity of the HVAC systems and its energy consumption, the large energy consuming functions of a 

smaller building complex: EMC Sophia (Children’s hospital of EMC) are identified in preliminary research. 

The complexity of defining energy reduction measures is performed by first focussing on the largest energy 

consuming functions. This largest energy consuming function was identified, analysing the energy intensity 

and the total energy consumption of the healthcare functions. The energy consumption per healthcare 

function was differentiated and ranked from the smallest to the largest energy consuming functions, taking 

the energy intensity (GJ/m
2
) into account, and project this intensity to the gross floor area. 

The research revealed a high-energy reduction potential in isolation rooms (compared to other 

functions), as these rooms are high-energy intensive functions due to their high ventilation rates and 

continuous operation (energy intensity), and their amount of gross floor area [Schoenmakers, 2014]. 
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1.2. Problem definition, relevance of problem and research 

UMCs in general suffer from a lack of a consistent and homogeneous framework for energy reduction, 

due to complexity and diversity of their HVAC systems. Insufficient understanding of HVAC influencing 

parameters caused by a lack of systematic energy management, analysis of HVAC systems and 

knowledge about the energy demand and supply contribute to an ad-hoc approach of energy reduction 

measures, instead of desired long-term energy reduction. Systematically approaching the energy reduction 

potential in UMCs requires a consistent framework. 

 

In this research the ´Pareto analysis´ method, as known in other fields, is used as a guideline for the 

development of an energy reduction framework for UMCs. In order to define this framework as a step 

towards guided HVAC energy reduction in UMCs, EMC is selected as case study. EMC is a compact 

UMC, includes all healthcare functions, provided in a good cooperation during preliminary research, and 

already has knowledge and experience on this topic. As EMC is continuously under construction, EMC 

Sophia is used as case study, as this part of the building complex is not under construction during this 

research. A defined framework enables a present and future (systematically) energy reduction in EMC, 

and other UMCs or buildings with complex HVAC systems. 

 

The motivation for energy reduction in EMC is: 

(1) to pursue a good company governance that enables ‘long-term’ energy reduction instead of ad-hoc 

measures. 

 

UMCs in general are driven by: 

(2)  consciousness of a rising trend in energy consumption. They encounter a growing energy 

consumption, which combined with the forecasted rising costs of energy, result in significant higher 

energy costs, and; 

(3) awareness of prevalent and increasing environmental problems (climate change, CO2 emissions, 

etcetera) to which their energy consuming activities contribute. All UMCs participate in the 

‘Meerjarenafspraken 3’ (MJA3), a covenant to achieve 2% energy efficiency per year. 

1.3. Research objectives 

As the preliminary research revealed that isolation rooms have a high potential towards energy 

reduction, the research focuses on this function with as important aspect the ‘required’ patient/staff safety. 

 

The research is divided in three main objectives: 

(1) Approximating the HVAC system energy reduction potential of isolation rooms in EMC Sophia; 

(2) Defining an useful approach for future research on energy reduction potential of other functions in 

EMC, UMCs or other buildings with large and/or complex HVAC systems.  

1.4. Research questions 

The research objectives are translated into the following research question and sub questions: 

 

“Is it possible to define a systematic approach to obtain energy reduction in the complex HVAC 

systems of EMC, UMCs and/or other buildings with complex building systems?” 

 

Sub questions: 

A) What are the Key Performance Indicators (KPIs) of the HVACs energy consumption in isolation 

rooms? And how do these KPIs influence the energy consumption? 

B) What are the corrective actions for the energy reduction potential in isolation rooms? 

C) What are the limitations, and how does reduction affect the requirement to ‘properly’ contain or keep 

out contaminants, limiting the risk of airborne infection transmission? 

D) To which extent can the HVAC energy consumption in isolation rooms be reduced, assessing the 

Key Performance Indicators and limiting the risk of transmission of airborne infections? 

E) Is it possible to accept the hypothesis that the Pareto analysis is a useful method for accessing 

energy reduction potential, using isolation rooms of EMC as a case study for testing the hypothesis? 
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1.5. Methodology 

The Pareto analysis, also known as the 80/20 rule, assumes that: the majority of problems (80%) can 

be identified by a few major causes (20%), or 80% of the problems can be solved with 20% of the effort. 

This analysis method is often used in decision-making issues, or in solving complex problems in for 

example the industrial engineering. An example of a proven applicability of the Pareto Analysis is found in, 

where the stem making in a lamp production process is responsible for more than 87% of the total defects 

[Ahmed, 2011]. Other examples are: 

 80% of the complaints of clients is a result of 20% of the products or services; 

 20% of the products or services resulting in 80% of the profit; 

 20% of the system failures cause 80% of the system problems. 

 

Figure 1-1 illustrates this Pareto analysis, in which the required effort (causes) is plotted against the 

solutions (problems) [Bartlett, 2013]. 

20%

80%

20%

Causes

Problems

80%

 
Figure 1-1 – Methodology based on the Pareto-
analysis. Majority of problems (80%) can be identified 
by a few major causes (20%) [Bartlett, 2013]. 

 

The Pareto analysis is well known as a statistical technique, but also as a creative and practical manner 

of identifying problems. According to this definition of the Pareto analysis, the hypothesis has been 

formed that the Pareto analysis was also applicable to energy reduction. Where the Pareto analysis 

identifies the few major causes that result in the majority of energy consumption problems. The large 

energy consuming isolation room function of EMC Sophia, as defined in the preliminary research, was 

used as case study in order to test this hypothesis. The Pareto analysis was applied according to defined 

basis steps as illustrated in Figure 1-2.  

 

1. Identify problems

3. Rank and score problems

2. Identify the root causes of each problem (RCA)

4. Group problems together by root causes

6. Take action

5. Add up scores for each group

Pareto analysis

§3.2 

§3.1

Chapter 4

 
Figure 1-2 – The six basic steps of the Pareto 
analysis. 

 

Figure 1-3 illustrates the five steps, which are derived from the Pareto analysis, as used in this 

research. The chapters in which each step is described, and the research (sub) questions are designated 

with ‘Chapter’ and ‘RQ and SQ’. A short explanation on the steps, and the report structure are given below. 
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3. Key performance indicators

5. Energy reduction potential

4. Corrective actions

Defining the function with most energy reduction potential 

(calculations on energy intensity and total energy)

1. Differentiate energy consumption to functions

Preliminary research

Research on isolation rooms

Define corrective actions for energy reduction

Chapter 3

(SQ: A)

Chapter 4

(SQ: B and C)

Chapter 5

(SQ: D)

Pareto analysis, influencing parameters, infection disease 

transmission

2. Background information of research
Chapter 2

Preliminary

Research

Verification Pareto analysis

Identify energy influencing parameters

Access the energy reduction potential and

verify applicability of Pareto analysis

Chapter 5

(SQ:E and RQ)
 

Figure 1-3 – Research methodology as used in this research. The chapters 
and research (sub)questions are designated with Chapter, RQ and SQ. 

 

 

1. Differentiate energy consumption to functions 

The first step for accessing the energy reduction potential in EMC was defining a case study. This case 

study was defined through differentiation of energy consumption to functions, and was performed in 

preliminary research. The large scale and complexity of the HVAC systems in EMC was not a manageable 

situation, and needed to be addressed on a smaller scale. Therefore, preliminary research outlined the 

energy consumption of different healthcare functions in EMC Sophia. The outcome of the preliminary 

research were the energy intensity and the total energy distribution per healthcare function. The research 

revealed the healthcare function with most potential for energy reduction: isolation rooms [Schoenmakers, 

2014]. The results and background of this conclusion are shortly described in §2.2.  

Research on defining a framework for guided energy reduction in EMC, UMCs or other buildings with 

complex building systems, uses these large energy consuming isolation rooms as case study, to test the 

hypothesis. 

 

2. Background information of research 

Background information of the research is given in Chapter 2. The influences of the building, user and 

HVAC system are reviewed. As energy reduction in isolation rooms is inextricably linked to attention on 

infection control, background information is given on the influences of energy reduction on infection 

control. Background information of the Pareto analysis and Root Cause Analysis (RCA) as used for 

determining the KPIs in Chapter 3, is given in this chapter. 

 

3. Key Performance Indicators  

In order to efficiently define potential energy reduction measures in EMC, KPIs of energy consumption 

in isolation rooms were defined. The Pareto analysis was assumed to be a useful method for defining 

these KPIs.  

 

Step 1 and 2: Identify problems and identify the root causes of each problem 

The first step of the Pareto analysis identified the problems (energy consuming parameters) of the 

large energy consuming HVAC systems in isolation rooms. In this first step, hand calculations and 
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simulations were used. The root causes of the problems were analysed using a Root Cause Analysis 

(RCA), a well known method used in the second step of the Pareto analysis.  

 

Step 3, 4 and 5: Rank, score, group problems 

The energy influencing parameters were broken down and grouped into five prospective (use 

influences, setpoints, building, system operation and external influences). The prospective including the 

parameters were scored and rated using a probability-impact analysis. A high probability and large impact 

means a high energy reduction potential. The outcome of this analysis were KPIs (user presence and 

occupancy, room temperature and air changes per hour (ACH)), which represented the focus of the 

research on corrective actions.  

 

4. Corrective actions  

The corrective actions were part of step 6 of the Pareto analysis. An action plan was described in 

which improvement actions on the KPIs (user presence and occupancy, temperature and ACH) were 

determined and formulated. Corrective actions resulted in a useful solution of energy reduction.  

 

5. Energy reduction potential 

Alignment of the actual system operation to the users energy demand, potentially leads to energy 

reduction. In order to determine the magnitude of this energy reduction potential, a building simulation 

model was used. The quantified user influences and their related system operation as specified in the 

corrective actions of the previous step, were used as input for the building simulation model and defined 

the theoretical energy demand. The outcome of this simulation was compared to the energy consumption 

of the actual HVAC operation, for which the same simulation model was used. Input of the actual HVAC 

operation in the simulation model was obtained from field measurements. 

 

Verification Pareto analysis 

The hypothesis that the Pareto analysis is a useful method is tested, based on the results of the case 

study energy reduction potential, as defined in Chapter 5. 
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2. Background information and preliminary research  

In §2.1 of this chapter, background of the Pareto analysis method is revealed. The defined primary 

function of EMC (isolation rooms), on which the hypothesis is tested, is defined in preliminary research. 

The results of this preliminary research are shortly described in §2.2. §2.3 reveals background information 

on influences of the building, user and system influences on the energy consumption in isolation rooms. 

Additionally, the review focusses on the preventive infection control functions, as infection control in 

isolation rooms and at the same time reducing the energy consumption requires a unconventional 

research on HVAC systems (§2.4). This paragraph also describes the case study isolation rooms as used 

in this research. Finally, the implementation of theory to this research is described in §2.5. 

3. Key performance indicators

5. Energy reduction potential

4. Corrective actions

Defining the function with most energy reduction potential 

(calculations on energy intensity and total energy)

1. Differentiate energy consumption to functions

Preliminary research

Research on isolation rooms

Define corrective actions for energy reduction

Pareto analysis, influencing parameters, infection 

disease transmission

2. Background information of research

Verification Pareto 

analysis

Identify energy influencing parameters

Access the energy reduction potential and

verify applicability of Pareto analysis

 
Figure 2-1 - Schematic overview of the research steps. The highlighted 
part designates the research as described in this chapter. 

2.1. Background of the Pareto analysis 

The Pareto-analysis, also known as the 80/20 rule, assumes that the majority of problems (80%) can 

be identified by a few major causes (20%), or 80% of the problems can be solved with 20% of the effort. 

The analysis is a creative and practical way of identifying causes of problems, and it encourages the 

ideology of analysing and organizing. It is proven to be a successful systematic approach in for example 

economic aspects [Juran, 1992]. The analysis encourages to identify the primary causes that need to be 

addressed to resolve the majority of problems. Once the predominant causes are identified, a root cause 

analysis (RCA) can be used to identify the root causes of the problems (continuous improvement analysis).  

A RCA is a systematic approach for defining the nature of problems. The RCA is a part of the second step 

in the Pareto analysis (described in the background information in Chapter 2). According to the RCA, the 

following steps were used in order to define the root causes of the problems: 

 

Table 2-1 – Steps of the root cause analysis 

Root Cause Analysis 

1. Data collection 
2. Causal factor 
3. Root cause identification 

 

If improvements, in for example energy reduction, are made for individual systems and there is no 

defined basis (a lack of a consistent framework as defined in §1.2), the energy still consumed would 

produce disappointing results (as the ongoing concerns on energy reduction). A Pareto analysis is a useful 

tool to draw attention on concerns, and target the most important problems that affect the energy 

consumption. The analysis identifies problems and rates the influencing parameters, resulting in the most 

important parameter to focus on first. “It is normally easier to reduce a tall bar by half than to reduce a 

short bar to zero. Significantly reduce one big problem, and then hop to the next”, as cited by (Bonacorsi, 

2014).  
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Figure 2-2 illustrates a Pareto diagram applied on the energy reduction problem of this research. On the x-

axis the problems which causes the energy consumption, and on the y-axis the energy consumption. The 

80% value line illustrates 80% of the energy consumption, which is assumed to be caused by 20% of the 

problems. If primary problems are identified, the problems can be solved by defined corrective actions. 
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Figure 2-2 – Pareto diagram projected on the energy problem. Primary 
problems are differentiated and are rated to their energy consumption. 
The blue line indicates the 80/20 rule. 80% of the energy consumption 
can be solved with 20% of the influencing parameters.  

 

If the primary problems are solved, the same technique can be used in a new Pareto analysis, in which 

again new primary problems can be distinguished (continuous improvement). The Pareto analysis includes 

six basic steps, as illustrated in Figure 2-3. 

 

1. Identify problems

3. Rank and score problems

2. Identify the root causes of each problem (RCA)

4. Group problems together by root causes

6. Take action

5. Add up scores for each group

Pareto analysis

 
Figure 2-3 – Basic steps of the Pareto analysis. 
Step 2 includes the Root Cause Analysis (RCA). 

 

Step 1 and 2: Identify problems and root causes of problems (indentify) 

Main problems of energy consumption are indicated using data based on calculations, observations, 

interviews and reports. The cause-effect of these problems can be identified by a RCA, which defines the 

nature of the problems. The RCA includes defined basic steps: 

1) Collect data: Systematically collect data and notify the problem. Determine for how long this 

problem has been occurring. Determine the frequency (quantify) and the impact (if the problem will 

not be solved) of the problem. 

2) Define and classify possible causes: Identify how and under what conditions the problems 

arise, and identify what other problems arise if these identified problems are solved. 

3) Define root causes: Define the causes that induce the problems and define their correlation. 

 

Step 3, 4 and 5: Rank, score and group problems (prioritization) 

Identified problems are ranked to importance, scored and grouped together. An example of ranking in a 

financial approach, is the gravity of the problem concentrating on the organizational costs. If the main 

cause of the organizational costs are customer dissatisfaction (group), the focus is on the number of 

complains.  

 

Step 6: Take action (corrective actions) 

As the problems are identified, an action plan with improvement actions can be formulated in order to 

solve the problems.  
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2.2. Case study definition for testing the hypothesis (Pareto analysis) 

The case study (EMC) as used for testing the Pareto analysis is revealed in this paragraph. First a 

description of EMC and EMC Sophia is given. Secondly, the preliminary research on the function that has 

most potential for energy reduction (isolation rooms) is shortly described. 

2.2.1. Erasmus Medical Centre and EMC Sophia 

EMC is, with 345.000 m
2
 in size, the largest UMC in the Netherlands [Verbeek, 2014]. EMC is 

constantly changing; it is currently being rebuilt and renovated. As EMC Sophia (the children’s hospital of 

EMC), is least susceptible to change throughout the research, this research focuses on this building 

complex. Figure 2-4 designates an overview of EMC and EMC Sophia. 

 

 
Figure 2-4 – a) Photo of EMC complex, b) Map iof EMC complex and EMC Sophia and c) Map of EMC Sophia complex.                                                    

2.2.2. Differentiation of energy consumption to primary functions (preliminary research) 

The large scale and complexity of the HVAC systems in EMC is not a manageable situation, and needs to 

be addressed on a smaller scale. In preliminary research, the energy consumption of EMC Sophia is 

differentiated to functions, as illustrated in the schematic overview of Figure 2-5. The results of this 

preliminary research revealed the primary energy consuming function (case study) on which this research 

focusses (isolation rooms).  

3. Key performance indicators

5. Energy reduction potential

4. Corrective actions

Defined function with most energy reduction potential 

(calculations on energy intensity and total energy)

1. Differentiate energy consumption to functions

Preliminary research

Research on isolation rooms

Define corrective actions for energy reduction

Pareto analysis, influencing parameters, infection disease 

transmission

2. Background information of research

Verification Pareto analysis

Identify energy influencing parameters

Access the energy reduction potential and

verify applicability of Pareto analysis

Focus on primary function

Isolation rooms

 
Figure 2-5 – Schematic overview of the research 
methodology. The highlighted part designates the 
research as described in this paragraph. 

 

The outcome of the preliminary research is designated in Figure 2-6 and Figure 2-7. Two large energy 

consuming functions are marked as important functions to focus on: both surgery rooms and isolation 

rooms consume, overall (GJ) and per square meter (GJ/m²), significantly more energy than other 

healthcare functions [Schoemakers, 2014].  

EMC Sophia 

http://www.google.nl/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&docid=FmNyA-we6z5iQM&tbnid=TnR-axT6gxKm9M:&ved=0CAUQjRw&url=http://www.erasmusmc.nl/fysiotherapie/&ei=iLzgU7XdIMXOONXGgKAB&bvm=bv.72197243,d.ZWU&psig=AFQjCNFp8SmzCmW5655vqCbrMfLIowwFgw&ust=1407323644145450
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Figure 2-6 – Local heating, cooling and fan energy 
demand per healthcare function/m² in EMC 

Sophia. Surgery (SR), bedroom (BR), intensive 
care (IC), treatment and examination room (Tr. & 
exam.), assessed using Vabi Elements building 
simulation [Schoenmakers, 2014].  

 Figure 2-7 – Local heating, cooling and fan 
energy demand [GJ] per healthcare function in 
EMC Sophia. Surgery (SR), bedroom (BR), 
intensive care (IC), treatment and examination 
room (Tr. & exam.), assessed using Vabi 
Elements software [Schoenmakers, 2014].  

 

This research focusses on isolation rooms because of the assumed energy reduction potential through: 

(1) The relatively large amounts of isolation rooms in EMC compared to other healthcare functions; 

(2) Their high energy intensity due to continuous operation and large amounts of air flow, and; 

(3) Potential increasing number of isolation rooms in future. 

 

On the other hand, little research on energy consumption in isolation rooms is performed, compared to 

more research on surgery rooms. And currently, the surgery rooms in EMC are under investigation by 

TNO. In that research the energy reduction potential of surgery rooms is investigated. 

 

Potential increasing number of isolation rooms due to expanding of antibiotic resistance 

In the last decades, novel infectious diseases have appeared, and existing ones previously thought to 

be controlled, have re-emerged. Worldwide, infectious diseases such as Ebola are one of the leading 

causes of deaths, accounting for 25% of all deaths in 1998. Bacteria have become more and more 

resistant to antimicrobial agents as a result of chromosomal changes or the exchange of genetic material. 

Airborne infection diseases are a serious threat to human health. Due to increasing antibiotic 

resistance and a rise of international contacts, futures increasing number of isolation rooms is predicted. It 

is not supported by evidence that infection diseases increase, but the prediction that the threat of 

infectious diseases may not diminish is certainly also not supported by evidence. The number of multidrug-

resistant pathogens is rapidly increasing, and almost topping the existing antibiotic agents. New types of 

drugs are currently in clinical development and appear in few degrees. [Cassell et al., 2001]. The impact 

on the number of isolation rooms and its energy consumption seems to be an equivalent to this situation. 

Due to the increase of antibiotic resistance, the number of high energy intensive isolation functions 

increases, resulting in even more energy consumption if no measures are taken. 

2.3. Influences of building, user and system on energy consumption and control 

In UMCs, energy efficiency is an important objective for energy policies, but a lack of HVAC energy 

efficiency indicators affects the success of such policies. It is essential to identify a suitable systematic 

approach to measure and classify energy efficiency and to achieve consensus over energy influencing 

parameters [Pérez-Lombard et al., 2011]. Generally, the HVACs’ energy demand for room conditioning 

depends on the building parameters on the one hand, which are determined by its technical and 

architectural characteristics, and user influences and system operation on the other hand.  

2.3.1. Building characteristics 

The energy performance of an HVAC system depend on heating and cooling, and is influenced by 

building characteristics. The identification of building parameters that significantly affect the energy 

performance is an important step in enabling the reduction of heating and cooling energy consumption.  

Other literature reveals that in more thermally efficient buildings, air infiltration and ventilation are 

important energy consuming parameters, as they become the dominant thermal loss mechanisms [Santin 

et al., 2009]. 
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2.3.2. User influences and system operation 

Providing comfort and air quality 

In buildings with a high quality building envelope (thermal properties), the energy consumption 

associated with the building characteristics is relatively low, making the role of the occupant important. 

Buildings consume energy due to their users, who influence the operation of the HVAC system by their 

presence, type of occupancy and activities. Studies have shown that user presence and occupancy might 

play an important role in the energy consumption of buildings, but the extent of the influences is often 

unknown. Behaviour patterns and user profiles closely relate to the energy consumption and thus the 

energy reduction potential of HVAC systems since ventilation, heating and cooling consume energy to 

provide comfort and a good air quality to the building users [Bacon, 2013]. Additionally, user influences on 

system operation include structural maintenance as it effects the energy efficiency of the system . 

2.4. Influences of energy reduction on isolation rooms infection control for patient and staff safety 

In contrast to office rooms and other healthcare functions than isolation rooms, where providing 

comfort and a good air quality is the main goal of the HVAC system, the primary function of the HVAC 

system in isolation rooms is providing essential infection control against transmission of diseases (for both 

patients and/or their surroundings).  

 

Reduction of infection transmission 

Spread of airborne infection diseases are reduced by airborne isolation rooms through controlled air 

flows. Literature reveals that the dominant reason for high energy intensity in isolation rooms is the large 

air flow (as a result of current ventilation requirements). As airflow is associated with large heating and 

cooling generation, it was concluded that setback in airflow possibly contribute greatly to the energy 

reduction [Gong et al., 2014]. On the other hand, setback in airflow possibly may have a negative effect on 

the control of infections. 

An effective design of the ventilation system of the isolation rooms for infectious patients can reduce 

the risk of spreading infections. However, no consensus and no sufficient evidence exists regarding the 

specification and quantification of minimum ventilation requirements in isolation rooms, in relation to 

minimise the risk of spreading infectious diseases via airborne routes [Villafruela et al., 2012]. 

As energy reduction in isolation rooms is inextricably linked to attention on infection control. Preventive 

infection control in isolation rooms and at the same time reduction of the energy consumption requires a 

unconventional research on the HVAC system energy reduction and at the same time. Important 

background on infection control is described in this paragraph. The paragraphs describe the ways in which 

infections can be transmitted, the existing type of isolation rooms and the most common ones, the role of 

ventilation in the most common isolation room types, the control measures and the case study isolation 

rooms in EMC Sophia. 

2.4.1. Modes of disease transmission 

Infectious diseases can be transmitted in different ways (Figure 2-8) of which at least three are the 

dominant methods of spreading certain infection diseases: 

(1) Through inhalation of airborne infectious particles (i.e., “infectious aerosols”, aerosols that contain 

pathogens), divided in two terms:  

 direct contact transmission of large infectious aerosols that travel over short distances, or; 

 indirect contact of small infectious aerosols (for example tuberculosis) transmitted over long 

distances. 

Both mechanisms are influenced by the air and are illustrated in Figure 2-8a. 

(2)  Direct contact with pathogen sources of an infected patient, influenced by patients, employees and 

visitors (Figure 2-8b). A actual example of infection spread by this transmission mechanism is Ebola. 

(3)  Indirect contact through intermediate contaminated object surfaces (i.e., “fomites”), influenced by 

building facilities (Figure 2-8c).  
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Large droplet
infection

Small droplet
infection

Infectious Droplet
Nuclei

< 1 m 1 – 1,5 m    > 1,5 m
 

 

Figure 2-8 – Infectious disease transmission through (a) Airborne infectious aerosols of small and large droplets (b) 
direct contact with pathogen sources (c) Indirect contact through intermediate contaminated surfaces. 

 

Infectious aerosols 

Aerosol transport characteristics are size-dependent. There are two types of aerosols: (1) Aerosols that 

are transported by air currents over long time periods (minutes) and large distances (> 1,5 m), called 

airborne infectious. These aerosols are comparatively small in size < 5 μm, also called droplet nuclei 

(aerosol from which most of the liquid has evaporated), and can remain suspended in the air for prolonged 

periods. Through their greater distance from the source, they possibly expose a greater number of 

susceptible individuals. (2) Aerosols which settle out quickly and fall on the ground due to gravity. These 

aerosols are large, > 5 μm, called droplet infectious, and are usually transported over distances <1 m 

(Figure 2-8a) [Aliabadi et al., 2011]. Particular care must be given to small particle sizes, which are not in 

the airborne regime. Aerosols might change in size during their time in the air or on surfaces, through 

evaporation. Due to mass loss, an aerosol might move from the droplet regime towards the airborne 

regime. Additionally, human activities such as skin shedding, bed making etcetera, might cause 

resuspension of aerosols from a surface.  

 

The risk of spreading infections over long distances and times is most critical to the hospital 

environment, and is closely related to the HVAC system. It is reliable to assume that airborne transmission 

through direct contact to nursing employees, visitors, etcetera is eliminated by personal protection (e.g. as 

prescribed: respirators, gloves and aprons). 

Elimination of the risks of airborne transmission to the hospital environment is ‘ensured’ by reducing 

the generation of pathogens from an infectious person controlled by isolating infectious people in special 

rooms, called isolation rooms. Table 2-1 designates the type of isolation patients and its requirements for 

usage of an isolation room. 
 

Table 2-1 – Type of isolation patients and type of isolation room required. 

Isolation type Type of protection Isolation room required? 

Droplet isolation Source isolation No (one person bedroom appropriate) 
Contact isolation Source isolation No (one person bedroom appropriate) 
Strict isolation Source isolation Yes 
Protective isolation Protective isolation Yes 

2.4.2. Type of isolation rooms 

Isolation rooms are special constructed areas in hospitals designed for:  

(1) Protection of environment from infectious patients (source isolation) and/or; 

(2) Protection of immune suppressed patients from infections (protective isolation). 

 

Airborne Infection Isolation Rooms (AIIR) 

This room type is used to reduce the spread of airborne infectious diseases from the patient in the AII 

Room to the rest of the hospital. AII rooms have negative pressurization to ante room/ante room negative 

to corridor. The air flows from high pressurized areas  (clean) to lower pressurized areas (contaminated). 

 

Protective Isolation/Environment Rooms (PER) 

PE isolation rooms are used to protect the patient (typically an immune suppressed patient) in the 

protective environment from common environmental airborne infectious microbes. PE rooms have a 

positive pressure to ante room/ante room positive to corridor. The air flows from high pressurized areas  

(contaminated) to lower pressurized areas (clean). 

 

(a)      (b)           (c) 

http://pretwerk.nl/wp-content/uploads/hygimaxfoto1.jpeg
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Combination AII/PE Rooms (type A and B) 

These types of rooms are used for an immune suppressed patient, a patient with a infectious diseases 

or a patient who has both a lowered immune system and an infectious disease. The isolation room 

protects both patient and environment. Two design types can be distinguished, each design option 

provides an adequate barrier to separate the isolation room from the corridor (Figure 2-9 and Figure 2-10).   

 

++

+
Anteroom

Patient 

roomSanitary

(HEPA)

HEPA

 

Figure 2-9 – Type A, combined AII/PE room. 
Anteroom pressurization is positive with 
respect to both the AII/PE room and the 
corridor (common space pressure). Airflow 
direction form higher pressure areas 
(anteroom)  to lower pressure areas (corridor 
and AII/PE room. 

 Figure 2-10 – Type B, combined AII/PE room. 
Anteroom pressurization is negative with respect 
to both the AII/PE room and the corridor 
(common space pressure). Airflow direction from 
AII/PE room and corridor, to anteroom. 

 

In general, combined AII/PE rooms are the most common type of isolation rooms. A research by TNO 

revealed a percentage of 48% [Heumen, 2013]. These rooms appear to be increasingly common, due to 

the increase of immunosuppressed patients who require a protective environment and have an airborne 

infectious disease. Type B is most common in EMC Sophia. 

Type B isolation rooms are preferred according ‘Werkgroep Infectie Preventie (WIP)’ and ‘Inspectie 

voor Gezondheidszorg (IGZ)’. This preference is based on expert opinions and guidelines of other 

countries, but are under discussion in the Netherlands. Negative pressurization in the anteroom is more 

critical for nursing employees as they enter the contaminated anteroom and are exposed to infectious 

particles as it is required that they change clothing within the anteroom (in order to prevent infection 

spread).  

 

Some of these combined AII/PE rooms are equipped with a High Efficiency Particle filter (HEPA)  and 

are preferred rooms for airborne precaution patients, to prevent the spread of airborne pathogens. Rooms 

without certain filtration are also suitable to avoid the spread of airborne infectious diseases, but are more 

often used avoiding spread of pathogens by direct contact or indirect contact through intermediate objects 

(although, isolation room are not necessarily required for these type of isolation patients, as illustrated in 

Table 2-1). 

2.4.3. Role of ventilation in combined AII/PE isolation rooms 

Climate control and air quality 

Often the AII/PE isolation rooms are conditioned by an all air system, meaning that heating, cooling 

and ventilation is solely provided by air. The system provides comfort and air quality to the isolation rooms, 

but as mentioned before, the main role of the ventilation system is providing essential infection control 

against transmission of diseases. The fact nevertheless remains that providing comfort and air quality 

needs to be considered in research on the primary function: prevention of disease transmission. A multi-

criterion performance assessment offers a support framework to define adequate ventilation operation for 

isolation rooms in the healthcare facilities [Kim et al., 2009]. 

 

Prevention of disease transmission 

There have been few recent studies demonstrating a definitive association between the transmission of 

airborne infections and ventilation, as infectious aerosols can spread over long distance and time scales. 

There is strong and sufficient evidence to demonstrate the association between ventilation, air movements 

in buildings and the transmission/spread of infectious diseases [Jacob et al., 2013].  

The spread of airborne infection diseases is reduced by airborne isolation rooms trough controlled air 

flows (§2.4.2). Pressurization is the basis of assuring that uncontrolled and untreated air infiltrate into or 

out of the protected area. Air is supplied to the isolation room and exhausted from both the isolation room, 

--

++
Anteroom

Patient 

room
Sanitary

(HEPA)
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sanitary and anteroom. The balance of airflow, or the difference between supply and exhaust indicate 

whether the room experiences positive or negative pressure with respect to surrounding rooms. The 

airflow from the isolation room and corridor to the anteroom (Figure 2-10), or vice versa (Figure 2-9), 

mostly flows through defined gaps in, under or around the door. 

The above mentioned air supply and exhaust, is clearly defined and controlled. Whilst, disease 

transmission through undefined cracks and gaps causes concerns in hospital environments. Isolation 

rooms must be as airtight as possible to prevent air from being pulled in through these undefined cracks 

and gaps, ideally, rooms should be sealed except for the clearly defined gap(s). Another concern is the 

opening of doors in isolation rooms, since air movement through a the doorway is undetermined. Door 

opening results in a free exchange of air, causing air coming into the room, but also leaving the room 

[Eames et al., 2009]. On the other hand door openings lead to decreased and instability of pressure 

differences, which possible result in inversed air flows. Another influencing parameter of undefined airflow 

is the users activity. Human motion creates air movement during entering or leaving contaminated or clean 

areas. 

 

Guidelines air changes per hour (ACH) in isolation rooms 

Reviewing the Dutch guidelines of infection control in isolation rooms, interesting conclusions can be 

made. The recommend 6-7 ACH in the most recent infection prevention guidelines of the Netherlands are 

based on providing of fresh air, removing odors and temperature control [WIP, 2009]. This stated 

requirement, if is representative, their value is not grounded, since the most important role of ventilation in 

isolation rooms is infection control. Comfort, as temperature control does not necessary need air supply. 

Providing fresh air and removing odors can be achieved with less air than 6 ACH, according to [DBC, 

2012], and as has been seen in single bed room areas.  

 

Literature 

The following literature endorses to reject the current ACH requirement showing various requirements 

of ACH (as listed in Table 2-2). The requirements deviate mutually and deviate both from the Dutch 

requirements. A few literature reviews conclude that there is insufficient data to specify and quantify the 

ACH. They recommend specified and quantified minimum ventilation requirements in isolation rooms in 

relation to spread of infectious diseases [Li et al., 2007 and Atkinson et al., 2009]. Moreover, also the exact 

ventilation rate required in surrounding spaces adjacent to the airborne precaution rooms in order to 

reduce the risk of spreading airborne infectious diseases, is unknown. 

In addition, the pressure differentials of anterooms in isolation rooms are discussed in the literature. In 

1994 the CDC notes a recommended pressure differential of 0,25 Pa, exhaust flow of 1,8 m³/min or 10% 

greater than the supply to control the direction of airflow between rooms and adjacent areas such as 

corridors. In 2005 they raised the pressure differential to 2,5 Pa, compared to the current requirements of 5 

Pa.  

 

Table 2-2 – Type of isolation patients and type of isolation room required. 

Country Guideline ACH 
Existing structure 

Requirement ACH 
New construction 

Requiremend ∆P Source 

United states 2014: 6 ACH 2014: 12 ACH 1994: 0,25 Pa 
2005: 2,5 Pa 

[AIA, 2001] 
[CDC, 2007] 

Taiwan - - 8 [Tung, 2007] 
Netherlands - 6-7 5 [WIP, 2009] 
Canada 1999: 6 – 9 ACH 

2007: 6 ACH 
1999: 12 

2007: 12 ACH 
- 
- 

[CSA, 2007] 
[CSA, 2007] 

 

A review on building services shows that the amount of outside air required, is a function of, amongst 

others: exhaust through sanitary, leakage through air lock, duct leakage, wall and ceiling leakages and the 

level of pressurization required [Bhatia, 2012]. From building services/architectural viewpoint it is 

necessary to define both the ventilation rate and pressure difference. 

2.4.4. Airborne infection process and control measures 

According to CDC standards, the measures of infection is control  blocking any stage of infection 

pathway and is divided in three categories: administrative, personal protection, environmental and 

engineering. Administrative control involves keeping infectious people away from people who are 

susceptible to infections and ensuring correct usage of technical controls. Personal protection of nursing 

employees and visitors is achived by using a surgical mask or respirator in order to prevent the distribution 
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or inhalation of infectious pathogens. Pathogens leaving the breathing zone of an infectious patient are 

controlled by engineering and environmental interventions (in forms of isolation rooms), in order to prevent 

that the pathogens can enter the breathing zone of an vulnerable patient [Aliabadi et al., 2011]. 

The category engineering and environmental is closely related to the HVAC system. Focussing on this 

category it is unavoidable to assume that susceptible people are kept away from infectious people, and 

that nursing employees and visitors comply to the clothing regulations, and wash their hands prior to 

attending patients and after leaving the room. 

 

Infection source (6)

Pathogen aeroslization

Near-field dispersion

Drying (4)

Far-field dispersion (1, 2, 3 and 6)

Deactivation (4 and 5)

Receptor exposure (6)

Inhalation deposition

Infection symptoms

(1) Type of ventilation system

(2) Airflow distribution structure

(3) Air exchange rate

(4) Environmental conditions (temperature and humidity)

(5) Engineered disinfection (filtration and UV)

(6) Architectural programming

 
 

Figure 2-11 – Airborne infection process and influential environmental / 
engineering controls [Aliabadi et al., 2011]. 

 

As far as engineering and environmental interventions in isolation rooms is concerned, most research 

focuses on infection control of interzonal airborne infectious migration. Whilst, spread of infectious airborne 

transmission out of isolation rooms, can have more impact in a hospital environment. A larger number of 

susceptible individuals might be exposed to these infected particles. For airborne transmission, it is 

important to understand the pathway and influencing parameters, as designated in Figure 2-11. 

 

Infection source 

Different types of host emission can generate infectious particles, for example: when a person sneeze, 

talks, coughs, exhales, etcetera. The amount of (infectious) particle generation and their infectiousness 

depend on important factors such as type of infection disease, patients’ age and the moment in the clinical 

course of the disease. It is for example well known, that children with (for instance) tuberculosis are less 

infectious compared to adults and the infectiousness after treatment decreases [CDC,2011]. The amount 

of (airborne) particles generated per unit of time is called the generation rate. 

 

Pathogen aerosolization and far-field dispersion 

Aerosolization occur, if small pathogens remain suspended in the air and transmission over short or 

long ranges from person-to-person is possible by means of inhalation of infectious aerosols. Aerozolization 

and particle concentration in the air depend on several parameters as size, shape, velocity, humidity, 

temperature and airflow.  

 

Receptor exposure 

After pathogen aerosolization, the aerosols can be transmitted and inhaled. Particles < 100 μm are 

considered inhalable. The time of exposure to the source and the particle concentration in the air, is 

related to the maximum number of particles that might be inhaled. The number of particles necessary to 

cause an infection, called the infection dose (ID50) depends on the type of infectious disease and the 

susceptibility of person who is exposed to the infectious source. Amongst children diseases, MRSA, 

Mycobacterium Tuberculosis and Varicella (chickenpox) are the most common airborne infection diseases. 

Literature reveals that inhalation of fewer than ten Mycobacterium Tuberculosis bacteria may cause an 

infection [Philippe et al., 2006]. For MRSA less than 100.000 [PHAC, 2011] and for Varicella <100 virus 

particles may cause an infection [Hawker et al., 2005]. 
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2.4.5. Case study isolation rooms in Erasmus MC Sophia 

Erasmus MC Sophia (children’s hospital of EMC as illustrated in Figure 2-12) includes 26 type B 

isolation rooms, which are located at the 1
st
, 2

nd
 and 3

th
 floor of the Sk-building (Figure 2-13). The 

building departments in which these rooms are located vary in care intensity: from general medical care 

to intensive care. The 3
th

 floor houses intensive care functions of neonatology, with limited access. The 

1
st
 and 2

nd
 floor houses the oncology/hematology (ON/HE) and medium care/high care (MC/HC) 

departments, and include 16 isolation rooms, and form the case study for this research (Appendix I-1, 

Table I-1 and Figure I-1). 

 

  
 

Figure 2-12 – West facade of Erasmus MC 
Sophia complex in Rotterdam. 

 Figure 2-13 – Map of Erasmus MC Sophia complex in 
Rotterdam. The red market area represents the building in 
which the case study rooms are located (Sk-building). 

 

Of the sixteen isolation rooms, four rooms are equipped with a High Efficiency Particle air Filtration 

(HEPA) system and a pressured air lock as illustrated in Figure 2-14 (hereafter referred as type 1). Two 

of these rooms are located at the ON/HE department, the other two are located at the MC/HC 

department. The other twelve rooms only have a pressurized air lock (Figure 2-15), hereafter referred as 

type 2 rooms. Specifications of the building, HVAC system and isolation room users are given in 

Appendix Table I-2 and Appendix Figure I-2 and I-3. 

 

 

 
 

Figure 2-14 – Isolation room (type 1) at the oncology/hematology (ON/HE) department, provided with a High Efficiency 
Particle air Filtration (HEPA) system and a pressured air lock. 

 

 

 

 F 
 

Figure 2-15 – Isolation room (type 2) at the medium care/high care (MC/HC) department, provided with a pressurized 
air lock. 

  

          Air lock             HEPA filtrated  

plenum 

           Supply grills        Pressurized air lock 

Case study 
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2.5. Implementation of the literature to research 

In this paragraph, the most important conclusions from the literature as reviewed in §2.1 to §2.4 are 

summarized and the implementation of literature to this research is discussed. 

 

 The Pareto analysis is assumed to be a useful method for research on energy reduction potential in 

buildings with complex building systems, which need a systematic approach (energy reduction in 

UMCs). This hypothesis need to be tested using the case study as described in §2.4.5. This case study 

is selected according to a differentiation to functions, in which the largest energy consuming function 

(based on energy intensity and total energy consumption) is designated to: 

a) Approximate the HVAC system energy reduction potential in EMC, and; 

b) Test the Pareto analysis. As the Pareto analysis is assumed to be a useful approach for future 

research on energy reduction potential of other functions in EMC, UMCs or other buildings with 

large and/or complex HVAC systems. 

 Both paragraph §2.2 and §2.3 concluded that large airflows have a significant impact on the energy 

consumption of isolation rooms. This paragraph also reveals that behaviour patterns and user profiles 

closely relate to the HVAC energy consumption, and can have a significant impact on heating, cooling 

and ventilation energy consumption. These findings need to be tested using the Pareto analysis and 

are described in §3.1. 

 HVAC setback (especially setback in ACH) seems an applicable solution to achieve energy reduction 

however, insufficient evidence based research is performed and no consensus nor sufficient evidence 

exists, regarding the specification and quantification of minimum ventilation requirements. If ACH is an 

energy consuming parameter, the hypothesis for this research is that defining a minimum ventilation 

rate/pressure difference could result in energy reduction and meanwhile assure the control of disease 

transmission. 

 This research only concentrates on the infection control mechanism, as in isolation rooms the main 

goal of the HVAC system is reduction of infection transmission, where in other hospital rooms providing 

comfort is the main goal (§2.4).  

 From §2.4 it is conclude that airborne disease transmission closely relate to the HVAC system, and the 

risk of spreading infections over long distances and times is most critical to the hospital environment. 

The research focuses on this spreading mechanism. The focus is on combined AII/PE rooms (type B), 

as these are the most common type of isolation rooms according to research [Heumen, 2013]. In 

addition, these kind of rooms appear to be increasingly common, due to the increase of 

immunosuppressed patients who require a protective environment and have an airborne infection 

disease. 

 In §2.4.4 the importance of the infection control process parameters is defined. Infection source, 

pathogen aerosolization, far-field dispersion and receptor exposure are important influential parameters 

in the infection control process and may be important in defining the minimum ventilation rate. These 

parameters are taken into account in the defined model which determines the minimum ventilation 

requirements (§4.2). 

 In the research, the infection source as described in §2.4.4, excludes maintenance and cleaning 

protocols. It is assumed that these protocols are correctly executed.  
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3. Key performance indicators of the energy consumption in isolation rooms 

In this chapter, the fundamental energy influencing parameters that have impact on the energy 

consumption are investigated. These parameters are also called the Key performance indicators (KPIs), 

and are identified using the Pareto analysis method. The energy influencing parameters are identified 

(quantified) in §3.1 using hand calculations and Building simulations and the root causes of the problems 

are identified using the RCA. In §3.2 the parameters are prioritized (rated and scored) on the probability 

of occurring, and impact on the energy consumption (qualified), resulting in the KPIs. Figure 3-1 illustrates 

the research framework, in which this part of the research is highlighted and Figure 3-2 illustrates the used 

Pareto analysis method.  

3. Key performance indicators

5. Energy reduction potential

4. Corrective actions

Defined function with most energy reduction potential

(calculations on energy intensity and total energy)

1. Differentiate energy consumption to functions

Preliminary research

Research on isolation rooms

Define corrective actions for energy reduction

Pareto analysis, influencing parameters, infection disease 

transmission

2. Background information of research

Verification Pareto 

analysis

Identify energy influencing parameters

Access the energy reduction potential and

verify applicability of Pareto analysis

1. Identify problems

3. Rank and score problems

2. Identify the root causes of each problem (RCA)

4. Group problems together by root causes

6. Take action

5. Add up scores for each group

Pareto analysis

 
Figure 3-1 – Schematic overview of the research 
framework. The highlighted part designates the part 
of the research as described in this chapter. 

 Figure 3-2 – Schematic overview of the basic 
steps of the Pareto analysis. 

3.1. Identify: Energy influencing parameters and root causes (hand calculations and simulation) 

Figure 3-3 illustrates the part of the research as described in this paragraph (identify problems). The 

energy influencing parameters of the HVAC system are identified, using a quantitative analysis consisting 

of heat loss and cooling load hand calculations (steady state) and Vabi Elements simulations (dynamic).  

 

Energy influencing parameters of the system operation 

 

1. Identify problems

3. Rank and score problems

2. Identify the root causes of each problem (RCA)

4. Group problems together by root causes

6. Take action

5. Add up scores for each group

Pareto analysis

?

System operation

?

User influences

 
Figure 3-3 – The first step of the Pareto analysis is used to identify 
the system operational energy influencing parameters.  

 

Hand calculations analysis 

The heat loss and cooling load mechanisms, are indicated by A to E in Figure 3-4. The heat loss 

mechanisms considered are: (A) transmission through external, internal and partition walls, (B) ventilation, 

and (C) infiltration through internal and external walls. For the cooling load: (D) external heat load from the 

outside air and solar radiation, (E) internal heat production, and (A) transmission from surrounding rooms 

are taken into account.  
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Vf                  Volume fresh air                     
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Qpers Internal heat production persons
Ql Internal heat production lighting
Qeq Internal heat production equipment
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Ti,c

A, C

B

A

A, C

D

E

 

 

Figure 3-4 – Schematic overview of system operation and building energy consuming influencing 
parameters in the case study isolation rooms. 

 

The following heat loss and cooling load equations are applied: 

𝑄𝑙𝑜𝑠𝑠,ℎ𝑒𝑎𝑡 = 𝑄𝑡𝑟 + 𝑄𝑣𝑒𝑛𝑡 + 𝑄𝑖𝑛𝑓        (1.1) 

𝑄𝑐𝑎𝑝,𝑐𝑜𝑜𝑙𝑖𝑛𝑔 = 𝑄𝑡𝑟,𝑖 + 𝑄𝑖ℎ𝑝 + 𝑄𝑡𝑟,𝑒 + 𝑄𝑠𝑜𝑙       (1.2) 

 

Table 3-1 – Equations for hand calculations on heat loss and cooling capacity. 

Energy mechanism Sub-equations   Unit Formula 

A. Transmission losses 𝑄𝑡𝑟 = 𝑈 ∗  𝐴 ∗ ∆𝑇      (𝐹𝑜𝑢𝑟𝑖𝑒𝑟′𝑠 𝑙𝑎𝑤) [W] (1.3) 
B. Ventilation losses 𝑄𝑣𝑒𝑛𝑡 = 𝑐𝑝,𝑎𝑖𝑟 ∗ (𝑉𝑓 ∗ 𝜌) ∗ ∆𝑇  [W] (1.4) 

C. Infiltration losses 𝑄𝑖𝑛𝑓 = 𝑐𝑝,𝑎𝑖𝑟 ∗ 𝜌 ∗ 𝐼𝑛𝑓 ∗ 𝐴 ∗ ∆𝑇  [W] (1.5) 

D. Solar radiation 𝑄𝑠𝑜𝑙 = 𝑔 ∗ 𝐴 ∗  𝑃𝑠𝑜𝑙 [W] (1.6) 
E. Internal heat production 𝑄𝑖ℎ𝑝 = 𝑄𝑝𝑒𝑟𝑠 + 𝑄𝑙 + 𝑄𝑒𝑞  [W] (1.7) 

 

  

Several sources are consulted to assess the input parameters for the hand calculation. These sources 

are designated in Appendix II-1. Figure 3-5 and Figure 3-6 illustrate the results of the heat loss respectively 

cooling load mechanisms obtained from the hand calculations. The energy consumption is broken down 

into several components and grouped in: transmission, ventilation and infiltration. 

The red arrow indicates the amount of heating energy demand for ventilation, which is seven times 

larger than the transmission and infiltration energy. Large amounts of airflows are the main cause of these 

large differences. As for this calculation only the month July (average temperature of July) are considered, 

it can be concluded that the heating energy demand during colder periods is even higher, through higher 

transmission and ventilation losses due to larger temperature differences 

 

         Heat loss           Cooling load 

 
 

 

 

Figure 3-5 – Transmission, ventilation and infiltration 
energy demand for heating of one individual isolation 
room, using hand calculations on heat loss mechanisms. 

 Figure 3-6 – Hand calculations cooling demand: 
infiltration, internal heat production, transmission 
and solar heat radiation energy demand. 

 

Considering the cooling load, it is visible that the internal transmission is negative, as heat transfers 

from the inside to the outside (higher temperature in the room compared to its surrounding areas). 
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Besides, the internal and external heat loads are relatively low due to small window areas, low number of 

devices and a room occupancy by only one person. From Figure 3-5 and 3-6 it is concluded that the 

ventilations energy demand is relatively high compared to other heat loss and cooling load mechanisms.  

 

Sensitivity analysis 

As assumptions are used in the input of the hand calculations, a sensitivity analysis or so called what-if 

analysis is used to eliminate uncertainties in these assumed parameters. This analysis determines how 

realistic changes in assumptions, affect the projected performance of the isolation rooms HVAC system. 

The same hand calculation equations are considered implementing a bandwidth with an ‘upper’ and ‘lower’ 

value instead of the initial value (Appendix II-2). The changing conditions represent potential outcomes in 

energy demand. The results of this sensitivity analysis are illustrated in Figure 3-7 and Figure 3-8. These 

figures represent the heating energy demand respectively the cooling energy demand. 

 
Bandwith °C °C °C °C °C °C °C kg 

m
3
 

kJ 
kg.K 

m
3
/h m

3
/s.m

2
 

Initial 19,2 24,0 22,5 24,0 22,0 24,0 18,6 1,25 1 819 220*10
5
 

Lower 9,6 21,5 21,0 21,5 20,0 21,5 18,0 1,2 1 577 163*10
6
 

Upper 29,3 26,5 24,0 26,5 24,0 26,5 19,2 1,293 1,006 962 107*10
6
 

 

Figure 3-7 – Local heating energy consuming parameters of the current HVAC system operation in 
isolation rooms of Erasmus MC Sophia. The orange diamond shape represents the ventilation energy 
demand. The red triangle represents the infiltrations energy demand and the maroon red square 
represents the transmission loss. 

 

 
Bandwith °C °C °C °C °C W W W J/cm

2 
W/m

2
.K - 

Initial 19,2 24,0 22,5 24,0 22,0 70 20 20 77 15 0,65 

Lower 9,6 21,5 21,0 21,5 20,0 0 0 0 0 5 0,6 

Upper 29,3 26,5 24,0 26,5 24,0 216 134 76 266,7 25 0,7 
 

Figure 3-8 –  Local cooling energy consuming parameters of current HVAC system operation in isolation 
rooms of Erasmus MC Sophia. The light blue diamond shape represents the internal heat load. The 
dark blue triangle represents cooling demand for compensating the external heat load and the marin 
blue square represents the internal transmission loss.  
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From Figure 3-7 it is concluded that the internal room temperature, temperature of the air supply and 

the ventilation amount are the most critical heating energy consuming parameters for ventilation. Internal 

room temperature and the room temperature of adjacent rooms are sensitive to the transmissions energy 

demand. The infiltration energy demand is only influenced by the external temperature.     

Figure 3-8 illustrates the cooling energy demand in which the internal room temperature through 

transmission losses are the most sensitive energy demands. Compared to the heating energy demand, the 

cooling energy demand is almost neglectable. These calculations are performed with outside air 

temperatures of 9,6°C, 19,2°C and 29,3°C (relatively high external temperatures), resulting in an even 

lower cooling demand and higher heating demand in winter situation (lower external temperatures). As in 

summer period (relative high external temperatures) the transmission and ventilation heat loss 

mechanisms are already dominant parameters, these parameters are assumed to be even more dominant 

in winter period (larger ∆T and higher internal setpoint temperatures). In both Figure 3-7 and 3-8, the 

distribution of transmission heat loss and cooling load for Ti,or and Ti,c differs to a great extent in relative to 

each other, due to both the larger temperature differences and a larger wall area. 

 

Vabi Elements simulation 

As the results of the hand calculations reveal that internal room temperature and to a lesser degree the 

air supply, are relatively sensitive compared to other parameters, and hand calculations do not consider 

fluctuating climatic influences (fluctuating ∆T) and central heating and cooling demand, a dynamic analysis 

in Vabi Elements is performed. Figure 3-9 visualizes the 3D simulation model of the isolation room is 

visualized. Results of this simulation are the annual local and central HVACs energy consumption and the 

peak loads for both heating and cooling demand. The input parameters of these simulations are given in 

Appendix II-2. In the results of these simulations (Figure 3-10 and Figure 3-11), the sensitivity analysis is 

included in which uncertainties in assumed parameters are eliminated. 

 

 
Figure 3-9 – 3D Vabi Elements 
simulation model of isolation room. 

 

The results of the energy demand on yearly basis and the peak energy demand for heating and 

cooling, is illustrated in Figure 3-10 and Figure 3-11. For both heating and cooling the central and 

decentral amount of ventilated air is an important parameter in the energy demand. In addition, for heating 

the internal room temperature is a sensitive parameter. 

 

 
Bandwith °C °C °C °C °C °C m

3
/h  °C °C °C °C °C °C m

3
/h 

Initial 24,0 22,5 24,0 22,0 24,0 15 509  24,0 22,5 24,0 22,0 24,0 15 509 

Lower 21,5 21,0 21,5 20,0 21,5 14 267  21,5 21,0 21,5 20,0 21,5 14 267 

Upper 26,5 24,0 26,5 24,0 26,5 16 652  26,5 24,0 26,5 24,0 26,5 16 652 
 

 
 

Figure 3-10 – Annual energy demand and sensitivity 
analysis using Vabi Elements simulations. Central heating 
demand (red dot), decentral heating demand (green 
square) and central cooling demand (blue triangle). 

`  

Figure 3-11 – Vabi Elements simulation results of the 
peak energy demand for heating and cooling. Central 
heating demand (red dot), central cooling demand )blue 
triangle) and local heating demand (green square). 
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Conclusion summary 

The influences of the parameters on the energy consumption (conform the hand calculations, Vabi 

Elements simulations and the sensitivity analyses) are summarized in Table 3-2.  

 

Table 3-2 – Conclusion summary of hand calculations, Vabi Elements simulations and sensitivity 
analyses. Meaning of units: ++ = large energy consuming parameters, + = moderate energy 
consuming parameters, - = little energy consuming parameters. 

 Hand calculations Vabi Elements simulations 

Internal room temperature ++ + 
Room temperature adjacent rooms + - 
External temperature - N.A. 
Temperature of air supply - - 
Amount of fresh air supply + ++ 

 

As the ‘plus and minus’ values are relative values, Vabi Elements considers annual values and the 

hand calculations considers static values, the differences between those two can be explained in for 

example the ‘Room temperature to adjacent rooms’.  

It is concluded that the room temperature, and amount of fresh air supply are the most important 

parameters for energy reduction in isolation rooms. These parameters are reviewed below.  

 

Amount of fresh air supply (air changes per hour) 

From the literature, it was concluded that the dominant reason for the energy intensity of isolation 

rooms is the large airflow, as a result of the current infection prevention requirements (6-7 ACH) in the 

Netherlands [WIP, 2009 and DBC, 2012]. Both the hand calculations, Vabi Elements simulations and the 

probability-impact analysis confirm ventilation to be the dominant parameter of the energy demand. On the 

other hand, literature revealed that the current requirements of 6-7 ACH in isolation rooms seems 

insufficient founded/representative and thus are a potential for energy reduction.  

Available validation and baseline measurement reports of the HVAC system are used to verify the 

current ACH in four isolation rooms . The results from the validation and baseline measurement reports of 

the current ACH in four isolation rooms of EMC Sophia are designated in Table 3-3 and Figure 3-12.  

 

Room Fresh 
air 

[m³/h] 

Room 
volume 

[m³] 

ACH 
[-] 

Pressure 
Differential 

[∆Pa] 

    Corridor Room 

No.1 395 44,5 8,9 -4 +5 
No.2 521 41,5 12,6 -5 +7 
No.3 468 44,5 10,5 -4 0 
No.4 652 41,5 15,7 -7 +8 

 
 

Table 3-3 – Schematic overview of airflow, room volume, 
ACH and pressure differential (anteroom with respect to 
corridor, and room with respect to anteroom) of four 
isolation rooms. The data was obtained from validation 
reports of EMC [Verkerk, 2013 and Driel, 2014]. 

 Figure 3-12 – Air changes per hour of four (ACH) 
of four isolation rooms. The data was obtained 
from validation reports of EMC. The red dotted 
and straight lines represent the current 
requirement of 6 respectively 7 ACH [WIP, 2009]. 

 

It is concluded that the current ACH in the four isolation rooms deviate largely to each other, but also 

deviates largely from the prescribed requirements of 6-7 ACH, as defined by ‘Werkgroep infectie preventie’ 

(WIP) [WIP, 2009]. These findings result in a point of interest to this research, since results from both the 

hand calculations and Vabi Elements simulations revealed that aspect to be important and having a high 

energy reduction potential.  

 

Table 3-4 – Overview of isolation rooms’ pressure differences (analogous read of). 
Pressure differences anteroom with respect to corridor, and room with respect to 
anteroom. 

Room Pressure 
Differential 

[∆Pa] 

Room Pressure 
Differential 

[∆Pa] 

Room Pressure 
Differential 

[∆Pa] 

 Corridor Room  Corridor Room  Corridor Room 
No.5 -6 +10 No.9 -1 +14 No.13 -5 +3 
No.6 -6 +9 No.10 -1 +4 No.14 -11 +10 
No.7 -10 +5 No.11 -3 +20 No.15 -1 +13 
No.8 -8 +12 No.12 -1 +13 No.16 -7 +12 
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As of the other twelve isolation rooms no validation reports are available, the pressure differences of 

the rooms (Table 3-4) are compared to the four validated rooms. Reviewing the pressure differential, it is 

plausible to conclude that the ACH in all other isolation rooms is also higher than the WIP requirements, 

assuming an equal building construction quality (air leakage). 

 

Figure 3-13 designates the influencing parameters of the system operation and building identified by 

the hand calculations and Vabi Elements simulations. For the system operation, ACH and temperature are 

important parameters. Parameters of the building hardly influence the energy consumption, as has been 

seen in the hand calculations and Vabi Elements simulations.  

 

1. Identied problems

Pareto analysis

ACH and temperature

System operation

 
Figure 3-13 – Problems of system operation, identified using hand 
calculations  and Vabi Elements simulations.  

 

Energy influencing parameters of the users 

Hand calculations nor Vabi Elements simulation consider users activity and its energy consuming 

influences. While literature considered that user influences might play an important role in the energy 

consumption of buildings [Bacon, 2013]. Behaviour patterns and user profiles closely relate to the energy 

consumption, since ventilation, heating and cooling consume energy to provide required needs to the 

building users. The users energy influences are verified using short observations on user presence and 

occupancy and setpoint temperature data of the Building Management System (BMS).  

 

1. Identify problems

3. Rank and score problems

2. Identify the root causes of each problem (RCA)

4. Group problems together by root causes

6. Take action

5. Add up scores for each group

Pareto analysis

?

User influences

ACH and temperature

System operation

 
Figure 3-14 – The first step of the Pareto analysis is used to identify 
the user influencing problems.  

 

User presence and occupancy 

In order to verify how users possibly influence the energy consumption, a short two week observation 

on user presence and occupancy is performed in the sixteen isolation rooms of the case study. The 

observation scheme is attached in Appendix III. 

 

 
Figure 3-15 – Nine random observation samples in sixteen 
isolation rooms at different departments. The results show the 
user presence and type of occupancy. Rooms were often 
unoccupied or used by non-isolation patients. 

  

The results of nine random samples during the two week observation (Figure 3-15) show that isolation 

rooms were more than approximately 55% of the time unoccupied or occupied by non-isolation patients 

(patients without infectious diseases). From these results it can be concluded that user influences 

(presence and occupancy) is an important parameter to focus on in this research on energy reduction.  
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Set point temperature 

From the literature review it was concluded that large airflows (large ACH) are associated with large 

heating and cooling generation (§2.4). As the short observation on user presence and occupancy revealed 

that isolation rooms are often not occupied or occupied by non-isolation patients, these large airflows and 

related setpoint temperatures become important parameters. 

In the hand calculations and Vabi Elements simulations it is concluded that the internal room 

temperature is an important parameter in the energy demand.  As in isolation rooms users can set the 

temperature to their comfort requirements, the impact of these setpoint temperatures on the energy 

consumption is investigated. 

In order to verify the user influences on the set point temperatures and thus the energy consumption 

through their activities, presence and occupancy, measurement data of two rooms from BMS and the 

technical HVAC description of the case study rooms is used. 

 

Figure 3-16 illustrates the results of the measurement data obtained from the BMS. The figure 

illustrates the setpoint temperatures of two case study isolation rooms. The average setpoint temperatures 

of both rooms, indicated with the dotted red and blue line, deviate with respect to each other, to an extent 

of approximately 1,5°C. At certain times, and equal outside conditions, the mutual temperatures of the two 

rooms vary up to approximately 4,8°C, as indicated in the figure with ‘Y’. According to these results, it 

seems likely to occur that individual users set the temperature to their comfort level, resulting in a 

fluctuating temperature between 21,5 and 26,5⁰C, the minimum and maximum set point values of the local 

HVAC system.  

 
Figure 3-16 – Line graph of sampling point measurement data of two different isolation rooms from the 
building management system during 25 months from 2012 - 2014, to verify if the by user adaptable set point 
and room temperatures fluctuates. The figure indicates that through user settings the temperature fluctuates 

from 21,5 to 26,5°C, the maximum settable values of the local HVAC system 

 

It seems likely, that temperature set back rarely occurs, regardless the rooms’ occupancy (occupied, 

not occupied or occupied by non-isolation patient). A clear example is designated with an ‘X’, where during 

at least two months the setpoint temperature was 25,5°C, features no temperature set back. It possibly 

occurred that during this period at certain times, the room was not occupied or occupied by non-isolation 

patients, resulting in excessive energy consumption. 
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Figure 3-17 – Boxplot setpoint temperatures of building management 
system data, of four isolation rooms in Erasmus MC Sophia, during 25 
months in 2012 – 2014. 
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Boxplots (Figure 3-17) of four isolation rooms show the same results as the line graph in Figure 3-16. 

The boxplots illustrate the setpoint temperatures of four case study isolation rooms, during the 25 months 

from April 2012 – May 2014. The figure shows that in room 2, 3 and 4 for more than 75% of the time, the 

temperature was set between approximately 23,5°C and 26,5°C, and for more than 50% of the time 

between 24,5°C and 26,5°C. In room 4, for 25% of the time the temperature is set between 26,0°C and 

26,5°C.  

 

Some patients (as for example neonates) or diseases need higher room temperatures than others. In 

the results of both Figure 3-16 and 3-17 it is excluded that the setpoint temperatures are setted to the type 

of patients or type of diseases, as the measurement period exceeds the treatment period of patients. 

 

1. Identied problems

Pareto analysis

Presence/occupancy and temperature

User influences

 
 Figure 3-18 – Problems of user influences, identified using short observations 
and setpoint temperature data from the BMS.  

 

Identify root causes (RCA) 

According to the second step of the Pareto analysis, the root causes of each identified problem is 

determined using the Root Cause Analysis. In the first step of this RCA, data is collected using interviews. 

According to the collected data, root causes are identified and described. Figure 3-19 illustrates the 

schematic overview of the Pareto analysis, in which the second step as described below, is highlighted. 

 

1. Identified problems

3. Rank and score problems

2. Identify the root causes of each problem (RCA)

4. Group problems together by root causes

6. Take action

5. Add up scores for each group

Pareto analysis

 
Figure 3-19 – Schematic overview of the 
Pareto analysis. The highlighted part 
designates the part of the research as 
described in this part of the research. 

 

Root causes energy influences through ACH 

Literature in §2.4.3 revealed that the 6-7 ACH requirement is insufficient specified and quantified. Hand 

calculations and Vabi Elements simulations revealed that ACH is a point of interest in the research on 

energy reduction. The reliability of the literature is verified and the root cause of this problem is identified 

using not structured-interviews. Four persons from the isolation rooms’ infection control field are 

interviewed on the current ACH requirements: 

 A co-writer of the ‘WIP 2009’: H. Balvers; 

 Two persons associated with the Unit Infectoin Prevention of EMC, which uses these requirements for 

infection control protocols in EMC (the coordinator expert infection prevention: R. de Groot, and a 

clinical-microbiologist/expert infection prevention M. Vos); 

 The former president from the Assiciation for Contamination Control in the Netherlands (VCCN): F. 

Saurwalt. 

 

The four interviewed persons from the isolation rooms’ infection control field subscribe the unfounded 

value for the ACH. The results of the not structured-interviews are summarized below: 

 The first interviewed person stated that the ventilation rate is only used providing comfort, removing 

odors and supplying fresh air to the building user; 

 The last three persons only refer to the requisite of a defined flow of sufficient magnitude, stability and 

right direction instead of a pressure difference and ACH. It is concluded that the current value for ACH 

is an insufficient evidenced based value and is based on good practice resulting from the past, in which 

patients safety is ‘assured’. 
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The root cause effect is defined as: the patient safety is replaced by insufficient founded HVAC 

operation (ACH and pressure difference) , based on good practice, resulting in probably more energy 

consumption than needed for providing patients safety in isolation rooms. 

In order to identify the potential energy reduction, the current ACH might be turned back to at least 6-7 

ACH, as possible according to the current requirements. Although, this value is insufficient specified and 

quantified, and need an evidence based consideration, as stated in the literature and verified in the 

interviews. If energy reduction through adaptation of ACH is considered, a sufficient evidenced based 

value need to be investigated. 

 

Root causes energy influences through temperature and user presence and occupancy 

The root causes of energy consumption through temperature influences and user presence and 

occupancy is identified as an absence of protocols. There are no protocols for temperature settings during 

or after hospitalization of patients. Existing protocols for hospitalization of patients in rooms describe type 

of diseases that require an isolation room hospitalization, but lacking of protocols for other type of patients.  

 

1. Identified problems

3. Rank and score problems

2. Identied root causes of each problem (RCA)

4. Group problems together by root causes

6. Take action

5. Add up scores for each group

Pareto analysis

ACH and temperature

System operation

Presence/occupancy and temperature

User influences

Unknown requirements and absence of protocols Absence of protocols

 

Figure 3-20 – Identified root causes of 
problems according to the RCA method. 

3.2. Prioritization: Probability-impact analysis 

Critical energy consuming parameters determined in the hand calculations and Vabi Elements 

simulations do not consider the probabilities of occurring and the consequences on the energy 

consumption. To gain more insight into this probability of occurrence and the impact on the energy 

consumption, the parameters are prioritized (step 2 of the RCA). The parameters are scored and ranked in 

a most-to-least-critical parameter ranking, using different scenarios in a probability-impact analysis 

(qualitative analysis). This analysis provide a useful overview of parameters that need attention to the 

research on potential energy reduction. These parameters are called the key performance indicators 

(KPIs).   

1. Identifed problems

3. Rank and score problems

2. Identied the root causes of each problem (RCA)

4. Group problems together by root causes

6. Take action

5. Add up scores for each group

Pareto analysis

 
Figure 3-21 – Schematic overview of the 
Pareto analysis. The highlighted part 
designates the part of the research as 
described below. 

 

Probability-impact analysis 

Based on the sensitivity analysis results of the hand calculations and Vabi Elements simulations, four 

prospective are defined: setpoints, building, system operation and external influences. The short 

observations (§3.1) on the users presence and occupancy in the rooms defined a fifth prospective: 

occupancy, presence and usage. 

The impact on the energy consumption of the (occurring) scenario is appraises by means of a scale 

from 1 (almost no impact) to 6 (very large impact). This range was derived from the sensitivity analysis, as 

shown in Table 3-5. The probability rate appraises the conditional probability of a hypothesis if it occurs or 
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not. For the probability hypothesis the same range is taken into account, scaled from 1 (very low 

probability) to 6 (very high probability), and is defined according to insides from the information as 

reviewed in §3.1 

 

Table 3-5 – Defined scale of the probability-impact analysis. The impact scale was derived from the sensitivity analysis. 
For the probability the same scale was taken into account (including an uncertainty range).  

Scale Effect on energy consumption  
Sensitivity analysis hand 

calculation [W] 

Effect on energy consumption 
Sensitivity analysis Vabi 

Elements simulation [kWh] 

Impact Probability 

1 < 500 < 5 Almost no impact 
 
 
 
 

Very large impact 

Very low probability 
 
 
 
 

Very high probable 

2 500 - 1000 5 – 10 

3 1000 - 1500 10 – 15 

4 1500 – 2000 15 – 20 

5 2000 - 2500 20 – 25 

6 >2500 > 25 

  

The different prospective, scenario definitions and its consequences on the energy consumption are 

listed a probability impact matrix, which provides a useful overview on the magnitude of the parameters. 

The matrix described which parameters require attention to this research on potential energy reduction.  

 

Table 3-6 – Probability and impact rate influencing parameters. 

Scenario 
 

Prospective 
 

Definition scenario Consequences on energy 
consumption 

Probability 
[1 – 6] 

Impact 
[1 – 6] 

 
A 

 
Setpoints 

Temperature adjacent room not 
equal to room temperature 

 
More heating or cooling demand 

 
5 

 
3 

 
B 

Occupancy, presence 
and usage 

Doors room do not remain 
closed Only increased risk on infection 3 1 

 
C 

Occupancy, presence 
and usage 

Other occupancy than isolation 
patient 

Excessive climate control, waste of 
energy 

 
4 

 
5 

 
D 

 
Building 

Airtightness differs from 
assumption

1
 

Excessive air supply for pressure 
control, waste of energy 

 
5 

 
4 

 
E 
 

 
System operation 
 

 
Larger amounts of air supply

2
 

 

Excessive air supply for pressure 
control, waste of energy 
(heating/cooling and fan energy) 

 
 

6 

 
 

6 

F External influences 
Solar heat load differs from 
assumption More heating or cooling demand 4 2 

G 
 
System operation 

Temperature air supply differs 
from assumption More heating or cooling demand 2 1 

H 
 

Occupancy, presence 
and usage 

Occupancy, of room incl. patient 
differs from 1 

 
More cooling demand 1 2 

I 
External influences 
 

Temperature difference outside 
and room air differs from 
assumption 

More heating or cooling demand 
 

6 
 

2 
 

 
J System operation 

Temperature anteroom/sanitary 
not equal to room temperature More heating or cooling demand 1 5 

 

1
 In the sensitivity analysis the air infiltration is little sensitive; however in pressurized rooms, air leakages significantly influences the 

amount of air supply. The impact of infiltration is based on the sensitivity of air supply, resulting from the calculations and simulations. 
2
 Progressive insights, based on literature review. 

 

The results of the probability-impact analysis are illustrated in Table 3-6 and Figure 3-22. The two right 

columns of Table 3-6 designate the probability of occurrence respectively the impact on the energy 

consumption of the defined scenarios.  

 

The dots in the square at the bottom left (Figure 3-22) feature small chances of scenarios to occur, and 

as they occur, the impact on the energy consumption will be small. These parameters do not need 

considerations towards energy reduction potential. The parameters in the bottom right and upper left 

corner have a large probability to occur respectively large impact on the energy consumption, but have 

small impact respectively small probabilities to occur. These parameters need to be considered, but not in 

detail. The parameters in the upper right corner need attention, due to their high probability to occur and 

large impact on the energy consumption if they occur. By focussing on these parameters, the largest 

amounts of energy reductions can be achieved with minimized effort, as purposed by the Pareto analysis 

method. These parameters are the (KPIs). 
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Figure 3-22 – Plot of probability-impact of scenarios on energy 
consumption. 

 

Conclusion 

From both the quantitative as qualitative analysis it is concluded that large amounts of air supply have 

significant impact on the energy consumption of isolation rooms. As literature review (§2.4.3) reveal that 

the requirements for ventilation amounts in isolation rooms are insufficient founded, and the potential on 

energy reduction is large according to the qualitative and quantitative analyses, research on the ventilation 

amount is the first path to focus on. 

The same (to a lesser extent, but certainly important) is valid for user influences and related setpoint 

temperatures. According to short observations and these quantitative and qualitative analysis, occupancy 

and related setpoint temperatures have large impact on the energy consumption and form a focussing 

path. As air tightness (air leakages) relates to the amount of air supply in isolation rooms, this parameter is 

also an important parameter to focus on in this research on energy reduction potential. 

To eliminate uncertain assumptions, the probability impact of the different scenarios is visualized with 

an uncertain bandwidth, illustrated by the dotted circles in Figure 3-22.The research only focusses on the 

high probability-large impact parameters in the upper right corner (80/20 rule). 

 

From the analysis, review of important parameters and the critical parameters defined in the 

probability-impact analysis, two main KPIs are defined: 

 

Table 3-7 – Main KPIs defined using the Pareto analysis. 

Main KPIs 

(1) User presence and occupancy (2) Air changes per hour 

  
Figure 3-23 illustrates the implementation of the KPI’s in the framework. For user influences the 

presence and occupancy is the energy consuming KPI, for system operation the ACH is the KPI. 

 

 

 
Figure 3-23 – Outcome of the Pareto analysis framework basic steps: defined KPIs to focus on in this research. 
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4. Research on corrective actions 

According to the sixth step of the Pareto analysis, a defined corrective action plan (called path 

definitions) on the two KPIs: ‘user presence and occupancy’ and  ‘ACH’, is defined to systematic manage 

the energy reduction in the isolation rooms. The third KPI ‘temperature’  is included in both the user 

influences and system operation. These paths consider the fundamental causes of the KPIs, that need a 

solution which finally result in minimization of the energy consumption.  

 

3. Key performance indicators

5. Energy reduction potential

4. Corrective actions

Defined function with most energy reduction potential 

(calculations on energy intensity and total energy)

1. Differentiate energy consumption to functions

Preliminary research

Research on isolation rooms

Define corrective actions for energy reduction

Pareto analysis, influencing parameters, infection disease 

transmission

2. Background information of research

Verification Pareto 

analysis

Identified energy influencing parameters

Access the energy reduction potential and

verify applicability of Pareto analysis

 
Figure 4-1 – Schematic overview of the research 
framework. The highlighted part designates the 
part of the research as described in this chapter.  

 

The action plan in which improvement actions towards the KPIs are formulated is illustrated in Figure 

4-2, where a path definition per KPI result in an energy reduction potential. This figure illustrates the actual 

energy consumption and energy reduction potential of the two paths. The user influences include: user 

presence, type of occupancy and temperature. The ACH include the minimum ACH requirements and 

temperature, per presence/occupancy type. 
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Figure 4-2 – Schematic overview of path definitions towards energy 
reduction potential. On the x-axis reduction path 1 (user influences) 
and on the y-axis reduction path 2 (system operation). 

 

Explanation Figure 4-2 

Currently, all isolation rooms are equally conditioned regardless the type of user presence and 

occupancy (as concluded from the validation reports in §3.1). Resulting in more heating and cooling 

demand than actually needed, if rooms are not occupied or occupied by other types of patients than 

isolation patients. 
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If the system operation requirements of the WIP are considered, there is already an energy reduction 

potential visible (as designated with ‘X’). But since this value is not a representative value for ACH, a 

representative theoretical minimum need to be defined, for isolation rooms (isolation patients!), as 

indicated with the red dotted line. For all other types of user presence and occupancy, different room 

conditions are required (ACH and temperature), which uses less ventilation, heating and cooling energy 

demand. 

The room conditioning (ACH and temperature) of non-isolation patients is assumed to be sufficient, if it 

equals single bedroom requirements (as defined in the background §2.4.3). For not occupied rooms, the 

room conditions needs to be maintained in order to hospitalize a patient in the room. 

The ‘non-isolation’ patient type of occupancy includes the isolation patients which do not need an 

isolation room (contact and droplet isolation patients as mentioned in Table 2-1). The ‘isolation’ isolation 

patient type of occupancy equals the airborne isolation patients (strict and protective isolation patients). 

4.1. Path 1: User presence and occupancy 

As users significantly influence the energy consumption, individual room conditioning settings per 

occupancy and presence profile can lead to significant energy reduction. Information on the user 

presence, occupancy activity and the functional use of isolation rooms is considered in order to be able to 

implement possible energy reduction solutions. Observations in isolation wards on the user presence 

(occupied/not occupied) and type of occupancy (isolation patient/non-isolation patient), non-structured 

interviews with medical employees and field observations provide this information. Figure 4-3 visualises 

the part of the research are described in this paragraph. 

 

3. Key performance indicators

5. Energy reduction potential

4. Corrective actions

Defined function with most energy reduction potential 

(calculations on energy intensity and total energy)

1. Differentiate energy consumption to functions

Preliminary research

Research on isolation rooms
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transmission

2. Background information of research

Verification Pareto 

analysis

Identified energy influencing parameters

Access the energy reduction potential and

verify applicability of Pareto analysis

User influences

Presence/occupancy

Path 1

?

System operation

ACH

Path 2

?

 
Figure 4-3 - Schematic overview of the research 
framework. The highlighted part is described in 
§3.2. 

4.1.1. Observations on user presence and occupancy ratios 

As a result of discussion making during the design phase of isolation rooms, the HVAC system 

currently assumes all rooms to be occupied rather than actual usage. Engineers design the HVAC system 

for a situation where the room is always occupied by an ‘isolation patient’ type occupancy (large air 

volumes for contamination removal). Resulting in a system that uses more energy than needed if the 

rooms’ occupancy deviates substantially from the design assumption (i.e. not occupied or non-isolation 

patient). The periods during which this deviating occupancy occurs, are considered using observations.  
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The two weeks observations in isolations rooms (§3.1) showed that rooms are often unoccupied or 

occupied by non-isolation patients, resulting in over conditioned rooms (more energy consumption than 

needed). In  order to define the magnitude of this problem, the presence and occupancy patterns are 

considered using long term observations. 

During a seven week observation, 42 manual countings at random time frequencies in the 16 case 

study rooms are conducted, in which both the patient presence (present or not present) and type of 

occupancy (isolation, other isolation type, or non-isolation patient) is observed. An example of the counting 

scheme is attached in Appendix IV. In Figure 4-4 the results of the observations are illustrated. 

  

The percentage of (not) occupied rooms, and rooms occupied by non-isolation, other isolation type 

(droplet and contact isolation) and airborne infectious patients is represented as: 

 

(𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 (𝑛𝑜𝑡) 𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑢𝑛𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 𝑟𝑜𝑜𝑚𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑟𝑜𝑜𝑚𝑠
)     (1.8) 

 

(𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑋𝑡𝑦𝑝𝑒 𝑝𝑎𝑡𝑖𝑒𝑛𝑡𝑠 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑋𝑡𝑦𝑝𝑒 𝑝𝑎𝑡𝑖𝑒𝑛𝑡𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑜𝑜𝑚𝑠
)    (1.9) 

 

 

 

 
Figure 4-4 – User presence and occupancy of the 16 case study 
isolation rooms during the seven week observation. Per observation 
moment, the percentage of presence (occupied or not occupied) and 
type of occupancy (non- isolation, other isolation or airborne 
infectious patient) is illustrated. 

 

The user presence and occupancy of rooms is mutually compared in order to define if some rooms are 

more preferred in usage compared to others. Figure 4-5 illustrates the presence and type of occupancy of 

four isolation rooms, during the seven week of observation. Two rooms are located at the ON/HE, and two 

rooms at the MC/HC department.  

 

  
Figure 4-5 – User presence and occupancy 
during the seven week observation in four 
case study isolation rooms.  

 

Conclusion 

From the observations, it is concluded that: 

 Often for more than 50% (average of 58%) of the isolation rooms are not occupied, and; 

 If occupied, they are used by all type of patients non-isolation (average 21%), other isolation 

(average 11%) and isolation type patients (average 10%). In other words, isolation rooms are 
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seldom (only 10% of the time) occupied by airborne isolation type patients (for which they are 

initially intended). As illustrated in Figure 4-4. 

 Some rooms are used more often than others and the presence and occupancy per isolation room 

varies during the time (Figure 4-5). 

 

Additionally the observations reveal that at the ON/HE department airborne infectious patients are 

always hospitalized in type 1 rooms, in contrast to the MC/HC department where these patients are also 

hospitalized in type 2 rooms. It can be concluded that the rooms are over conditioned for heating, cooling 

and ventilation, during times they are not occupied, occupied by non-isolation patients or occupied by 

other isolation patients.  

 

Solutions frequently used to reduce the energy consumption at varying occupancy profiles, are HVAC 

time schedules based on these occupancy profiles. In for example office buildings HVAC schedules are 

defined for typical occupancy patterns. However, in isolation rooms, such fixed design profiles of 

occupancy patterns are not easy to implement, since occupants’ arrival and departure times are difficult to 

generalize and predetermine because of its stochastic nature [Yang et al., 2014]. HVAC set back in 

isolation rooms require an unconventional approach, others than time schedules. 

 

Potential limitations in HVAC setback due to user influences are investigated, in order to be able to 

determine other solutions. Possible limitations include parameters in the functional use, as: 

 The process and protocols of hospitalization of patient in isolation rooms, and; 

 Motives for large amount of unoccupied rooms, and for hospitalization of non-isolation patients in 

isolation rooms; 

Possible limitations (caused by user influences) for reduction of/setback in ACH in case of airborne 

isolation patients (as defined in §4.2), are considered. These limitations are influences by user influences 

(users activity), as: 

 The risk of infection transmission influenced by users and their activity, and; 

 The risk of infection transmission by the uncertain parameter; human failure, in case of manual system 

control (e.g. manual HVAC setback) and complying to protocols. 

4.1.2. Interviews on functional room usage 

The process and protocols of hospitalization, and the motives for the large amount of unoccupied 

rooms, and for hospitalization of non-isolation patients in isolation rooms are considered using (non-

structured) interviews with nursing employees. Of the two case study departments considered, three 

employees were (non-structured) interviewed. The specifications of the participants are visualized in Table 

4-1. 

 

Table 4-1 – Specifications of participants in the non-structured interviews. 

Department Position employee Years of employment 
in EMC 

Age of the 
employee 

 
Oncology / hematology 

Nurse 3 27 

Nurse 9 52 

Directing nurse 10 29 

 
Medium care / high care 

Nurse 7 26 

Nurse 9 44 

Directing nurse 8 31 

 

The results of these non-structured interviews are uniform regardless the position of the employee or 

the department, and are summarized below: 

 The patient rooms are randomly chosen during hospitalization of a non-isolation patient, because 

occupants’ arrival and departure time are often of a stochastic nature. Resulting in hospitalization of 

non-isolation patients in isolation rooms; 

 If an isolation room is required (airborne isolation patient), the type of isolation room (type 1 or type 2) 

is carefully selected, according to the clinical disease of the patient. At the ON/HE department, the type 

1 rooms are kept unoccupied as much as possible (if there is no airborne infectious isolation patients), 

for hospitalization of airborne infectious patients in these rooms if needed; 

 If rooms can be selected (in case of more unoccupied rooms), non-isolation patients are hospitalized in 

isolation rooms, as they are located closer to the nursing station. The patients are easier facilitated if 

the nursing station is near the patient location; 
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 Isolation rooms are often unoccupied as the number of patients is many times lower than the number 

of existing isolation rooms. It is difficult to generalize how many isolation rooms are required. 

Additional information obtained from the interviews: 

 Health care employees are not aware of the energy intensity of isolation rooms, as their primary 

function is patients health care.  

 The knowledge and awareness of medical employees on technical requirements in isolation rooms is 

minimal. Medical employees only know the requirement (qualitative) of pressure differences at the door 

locations, changing clothing and washing hands protocols. The pressure differences are marked with a 

red/green stickered area on a magnehelic at the door locations, and are assumed to be adequate if the 

pointer indicates a value in the green area. 

 Medical employees are restraint in the application of HVAC setback measures. Manual setback is not 

desirable as it is closely related to increased risk of infection transmission, due to the possibility of 

human failure in controlling the system. 

 

Conclusion 

Potential limitations for energy reduction are the selection of rooms near the nursing station. This 

process of working is chosen on medical grounds. Possible energy reducing solutions, which affect the 

hospitalization of patients in isolation rooms, need to be discussed with medical employees as they 

influence their working process.  

Manual setback of the ventilation amount in periods when rooms are not occupied or occupied by non 

or other isolation patients contributes to an increased risk of infection transmission. Other solutions than 

manual setback need to be investigated.  

4.1.3. Observations on users activity 

Knowledge about the user activities is important for defining energy reduction solutions through ACH 

setback. Fluctuating ACH rates during hospitalization of different presence and type occupancy profiles 

require a suitable solution. The implementation of manual ventilation setback during occupancy of non-

isolation patients or other isolation patients may be not critical, but resetting the ventilation amount when 

needed (airborne isolation patient) is crucial. Protocols or systems in which setback and resetting of 

ventilation rate can be implemented are investigated using field observation on users activity. 

Additionally, the users activity is determined in order to be able to define a minimum ACH in path 2. 

This defined theoretical minimum ACH is valid under certain (optimal) conditions including the user activity, 

which might not be reached through the influences of users activity.  

 

The field observations were performed during peak moments of activity. The peak moments are 

visualized using a seven week open/closed door measurement in both departments of the case study. 

These measurements were performed using event-sensors on both (anteroom-room and anteroom-

corridor) door locations of the isolation room, as illustrated in Figure 4-6. These magnetic sensors record 

door openings as binary codes in which 1 refers to a closed door (magnetic connection), 0 to an open 

door. The measurement interval frequency is chosen to be 3 seconds, as the duration of door movements 

is > 3 s (experimentally determined). The number of times the door position changed from open to closed, 

or vice versa is identified. During these measurements the user presence and occupancy is determined 

using a logbook. 

 

 
Figure 4-6 – Event-sensors of open/closed door measurements. The measurement equipment is located 
at the anteroom-corridor door position and the anteroom-room door position.  

 

The results of the measurements are illustrated in Figure 4-7-a and Figure 4-7b and the peak moments 

at both departments are visible. At the ON/HE department, the peak hours are from approximately 7 

o’clock until 19 o’clock. For the MC/HC department the peak hours are between 8 o’clock and 21 o’clock. 
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During these times the observations were performed, for a period of 10 days (after 10 days a saturation 

profile was reached). During the off peak hours, the users activity was investigated using a logbook. The 

results of the observations are illustrated in Figure 4-7. 

 

 

   

Figure 4-7 – (a) Peak hours door openings department oncology/hematology, and (b) department 
Medium care/High care.  

 

Field observations 

The measurements show that door movements at the ON/HE department are more common than in 

the MC/HC department. The explanation of this phenomenon is found in the logbook results in combination 

with the field observations. From the logbook it is concluded that during the measurements at the MC/HC 

department, no airborne isolation patients were hospitalized in the isolation rooms. From the observations 

it is concluded that doors remain open (no door movements) to encourage the healthcare process 

(according to observations and interviewing nursing employees). At the ON/HE department multiple 

protective and strict isolation patients were hospitalized in the rooms during the measurements. In these 

situations, protocols prescribe to close doors, after entering or leaving the room. 

 

 
Figure 4-8 – Field observations on user activity during peak hours in the ON/HE and MC/HC department.  
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Observations in the MC/HC department show different values of door changes in anteroom/room and 

anteroom/corridor. The explanation of these differences is found during observations. Doors in the 

anteroom/corridor are more often closed for patient’s privacy and for prevention of care disruption in 

corridors initiated by open doors. Which result in more door changes at the anteroom/corridor. 

 

Table 4-2 – Daily activities of isolation rooms users. 
Activities are repetitive at fixed times. 
Activity Time 

Coffee round 08:00-08:30 
Breakfast 08:00-09:30 
Blood collection 08:30 – 09:10 
Physician visiting 08:50 – 09:55 
Daily Cleaning 09:00 – 10:30 
Collecting breakfast dishes 10:00 – 11:00 
Clean linen 09:00 – 10:25 
Lunch 11:30 – 12:15 
Diner 16:30-17:55 

 

It is remarkable that door openings are high before and after de period of fixed activities (08:00 – 

12:00), as illustrated in Table 4-2. These door openings/closures can be explained by the stochastic 

process of parents who are entering or leaving the room. No protocols prescribe these activities or 

processes. 

 

Compliance to protocols during the activities 

The protocols of EMC to which must be complied during the activities as mentioned in Table 4-2, were 

investigated, to exclude that these parameters form limitations for ACH setback. These protocols include: 

hand washing, clothing protocols, cleaning, maintenance and food hygienic protocols.  

 

Clothing and hand washing protocol 

To guarantee a safe situation for hospital care providers who are exposed to pathogen sources, must 

comply to clothing protocols. Seven week observations at random time frequency revealed that all care 

providers comply to the clothing protocols when entering the room. The conditions for these observations 

were not substantively (observed ‘if’ employees comply to the protocols, excluding ‘how’ employees 

comply to the protocols. 

 

To guarantee a safe transition for the surrounding, medical employees may have to wait in the 

anteroom (if they will leave the room) until the pressure control system gets settled and the concentration 

in the anteroom is sufficient low, before leaving the room. Because the changing clothing is a process to 

which is complied in the anteroom, a sufficient low concentration is reached after a change of clothing and 

the medical employee may leave the room. In some cases, care employees forgot to bring for example 

medicine into the room. During these times, the employees did not comply with the protocols. 

 

The hand washing protocols consists of hand washing before entering and leaving the room. To these 

protocols all medical employees comply, as has been investigated during observations. As observations 

show that all employees comply most of the time to the protocols, and thus the influences of users activity 

can be excluded in this research.  

 

Cleaning and maintenance 

If the room systems comply to the cleaning and maintenance protocols (for example cleaning ducts 

and change filters) is not checked, as insufficient data was available. In this research it is assumed that the 

maintenance of the system is optimal. 

 

Conclusion 

Observations on user activities show potential for energy reduction by changing the setpoint 

temperatures (indicated as KPI in §3.2) in isolation rooms. Possible solutions for reduction of energy 

consumption through setback of temperatures (if rooms are unoccupied) can be implemented in processes 

or protocols like for example daily cleaning. The temperature of unoccupied rooms can be reduced to 

20°C, in order to maintain the room temperature at a comfortable level if a patient needs to be hospitalized 

in the room. Another solution of temperature setback is implementation in the building management 

system, if patients (which are connected to a room number) are unregistered. 
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A possible solutions for HVAC setback is alignment of activities to moments of possible energy 

reduction. For example: most activities take place during 08:00 – 12:00. During this period the ACH needs 

to be high, to diminish the risk of infection transmission through users activity. During off-periods (low 

activity), a lowered ACH might be possible. Additionally, protocols need to be aligned with this setback (for 

example the times during which nursing activities take place). 

 

This solution on the other hand can lead to situations with higher risk of infection transmission. In for 

example cases of emergency or not complying to protocols, because users activity include door 

(opening/closure) movement. Door movement leads to breakdown in pressure difference, which potentially 

leads to changing airflow velocities and inversed direction of the airflow. This in turn leads to a higher risk 

of contamination transmission.  
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4.2. Path 2: Air changes per hour (ACH) 

Guidelines of HVAC operation, particularly the air ventilation rate, in air changes per hour (ACH), in 

isolation rooms are used during engineering design phases. However, literature on the background of 

these HVAC guidelines for isolation rooms indicate an insufficient scientifically founded value for the ACH 

(in case of airborne isolation patient occupancy), as described in §2.4.3. 

As analysis indicate the ACH to be a large energy consuming parameter, a representative guideline 

value is required in general, but also in order to approximate the energy reduction potential. In this 

paragraph, the reliability of the literature is verified, and a room model is defined, which enables to assess 

this representative minimum ACH. This room model accesses the risk of infection transmission at different 

values of ACH, in case of an airborne infectious isolation patient in the isolation room. 

 

3. Key performance indicators

5. Energy reduction potential

4. Corrective actions

Defined function with most energy reduction potential 

(calculations on energy intensity and total energy)

1. Differentiate energy consumption to functions

Preliminary research

Research on isolation rooms
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Pareto analysis, influencing parameters, infection disease 

transmission

2. Background information of research

Verification Pareto 

analysis

Identified energy influencing parameters

Access the energy reduction potential and

verify applicability of Pareto analysis
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Presence/occupancy

Path 1

?

System operation

ACH

Path 2

?

 
Figure 4-9 - Schematic overview of the research 
framework. The highlighted part designates the 
research as described in this paragraph (§4.2). 

4.2.1. Room model to determine the minimum ventilation rate 

The theoretical approach takes into account the airborne infectious control, including the risk of airborne 

transmission dispersion to adjacent rooms. The ideal situation for this infection control implies: 

(A) a sufficiently low contamination concentration in the room, or; 

(B) no overflow of air from contaminated areas to clean areas. 

 

This perfect situation is illustrated in Figure 4-10, where: 

(A) The ACH has such an efficiency, that the concentration in the room is sufficiently low; 

(B) There is no air movement from the anteroom to the corridor through a sufficient high and stable 

pressure differences. Absence of users activity, and no air exchange (𝜑 = 0) between isolation 

room and adjacent rooms, as 𝛥𝑝 = 0, according to 𝜑 = 𝐶 ∗ 𝛥𝑃𝑛 (volume flow through cracks and 

gaps). 

 

As in real situations, there is users activity (thus possibility of pressure drops and instability of pressure 

differences as mentioned in §4.1) and the undefined airflow through cracks and gaps is an uncertain 

parameter, there is a possibility of infection transmission through a volume flow containing contamination 

concentration. In order to define a minimum ACH, the risk on airborne infectious particle transmission 

during users activity is investigated at different values of ACH. The infectious particle transmission at a 

critical point (as indicated with ‘P’ in Figure 4-11) is defined as:  

 

𝐼𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑢𝑠 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 < 𝑎𝑐𝑐𝑒𝑝𝑡𝑎𝑏𝑙𝑒 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑡𝑟𝑎𝑛𝑚𝑖𝑠𝑠𝑖𝑜𝑛    (1.10) 
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Figure 4-10 – Ideal situation of infection control in type 1 and type 2 
rooms. 
 

Acceptable particle transmission 

From the literature in it was shown that combined AIIR/PE rooms are used for protection of the patient 

and environment at the same time. For both of these isolation types, an acceptable infectious particle 

transmission respectively concentration is defined. 

The amount of pathogens (number of infectious particles) necessary to inhale in order to contract a 

disease is used as limitation for the transmission of particles to the critical points ‘P’. This limitation number 

of pathogens is variable, depending on the type of disease and susceptibility of the person at point ‘P’. For 

an estimation of this number, the infection dose (ID50) is considered. This value is defined for the three 

most common infectious diseases in EMC Sophia: M. tuberculosis, MRSA and Varicella (chickenpox), 

illustrated in Table 4-3. For protective environments, the allowable number of infectious particles in a room 

is determined, indicated as colony forming units (CFU) per air volume (𝑉 𝑖𝑛 𝑚3). For type 1 rooms, a 

maximum of 15 CFU/m³ is recommended according to literature of [Bowden et al., 2010].  

 

Table 4-3 – Quantity of pathogens necessary to cause an infection (infection dose) for three 
most common diseases in Erasmus MC Sophia: tuberculosis, MRA and Varicella. 

Disease Infection dose 

Mycobacterium Tuberculosis 
MRSA 

<10 bacteria [Philippe et al., 2006] 
>100.000 organisms [PHAC, 2011] 

Varicella (chickenpox) <100 virus particles [Hawker et al., 2005] 

 

Infectious particle transmission 

The value of contaminated particles at ‘P’ depends on two parameters; the magnitude of the 

concentration and the risk forming airflow, and is represented by the following equation: 

 

𝐼𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑢𝑠 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑠𝑠𝑖𝑜𝑛 =  𝐶𝑖 ∗ 𝜑𝑟𝑖𝑠𝑘       (1.11) 

 𝐶𝑖 =  𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑟𝑜𝑜𝑚[𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠/𝑚3]; 

 𝜑𝑟𝑖𝑠𝑘  = 𝑟𝑖𝑠𝑘 𝑓𝑜𝑟𝑚𝑖𝑛𝑔 𝑎𝑖𝑟𝑓𝑙𝑜𝑤 [𝑚3/𝑠]; 

4.2.1.2 Contamination concentration (𝑪𝒊) 

In this paragraph the contamination concentration is determined as part of equation 1.11. The isolation 

rooms’ HVAC system consists of air supply and exhaust. As the amount of air supplied equals the exhaust, 

the contamination concentration in the room reaches equilibrium (maximum concentration). This 

mechanism is illustrated in Figure 4-11, and is explained by a steady state ventilation-contamination 

equation (1.12).  
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Figure 4-11 – Model and model boundaries for determining the infectious particle transmission. 

 

The equation is based on a fully mixed situation, meaning that the contamination concentration is equal 

at any point in the isolation room and that an infectious particle has an equal chance of being anywhere 

within the space, regardless at which time or what position the infectious particle was generated.  

 

The calculation is performed for both type 1 and type 2 (case study) rooms. The calculation assumes one 

identified infectious patient (infectious point source 𝑆 with an emission rate 𝐸 𝑖𝑛 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠/𝑠) in the 

enclosed space, including a defined air supply respectively exhaust/leakages (𝜑𝑠 𝑟𝑒𝑠𝑝.  𝜑𝑒𝑥 𝑖𝑛 𝑚3/𝑠). 

 

In type 1 rooms a part of the extracted air is ‘recycled’, filtrated, and mixed again with air from the AHU, 

before it goes back again into the room (reducing heating power). The recirculation volume is indicated 

with (𝜑𝑟  𝑖𝑛 𝑚3/𝑠). The model assumes that the concentration of infectious contamination in the outside air 

(𝐶𝑠 𝑖𝑛 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠/𝑚3) is 0. The steady state equation for the contamination concentration can be written as: 

 

∑ 𝜑𝑠 ∗ 𝐶𝑠 + ∑ 𝑆 − (𝜑𝑟 ∗  𝐶𝑟)∗ =  ∑ 𝜑𝑒𝑥 ∗  𝐶𝑖  with ∑ 𝜑𝑠 =  ∑ 𝜑𝑒𝑥  𝑎𝑛𝑑 𝐶𝑠    (1.12) 

 

 𝐶𝑟  = 𝐶𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑒𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑡𝑒𝑑 [𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠/𝑚3]; 

 ∗ 𝑂𝑛𝑙𝑦 𝑎𝑝𝑝𝑙𝑖𝑐𝑎𝑏𝑙𝑒 𝑡𝑜 𝐻𝐸𝑃𝐴 𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒𝑑 𝑖𝑠𝑜𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑜𝑜𝑚𝑠 

 

Airborne infectious contamination concentration in room: 

𝐶𝑖 =
𝑆−(𝜑𝑟 ∗ 𝐶𝑟)∗

𝜑
𝑖𝑛 (𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠/𝑚3)  with Cr is Ci * ɲ𝑓𝑖𝑙𝑡𝑒𝑟      (1.13) 

 

 ɲ𝑓𝑖𝑙𝑡𝑒𝑟 = 𝐹𝑖𝑙𝑡𝑒𝑟 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 [−] = 0,9997 

Minimum 99,97% of particles > 0,3 μm removed by HEPA filtration. [Gammaitoni et el., 1997] 

 

As the steady state equation does not take the room volume and time into account, a dynamic 

differential ventilation-equation was defined, representing the inertia of the system. As one airborne 

infectious person is present at time 𝑡 = 0, in an enclosed space of volume 𝑉 𝑖𝑛 𝑚3(44,5 𝑚3), the 

contamination concentration can be expressed as function of time including the quanta production rate 

(infection source S), air supply volume per hour, recirculation volume and filtration efficiency. The dynamic 

ventilation-concentration equation can be written as:

  

𝑑𝐶𝑖 =  
𝜑

𝑉
∗  (

𝑆−(𝜑𝑟 ∗ 𝐶𝑟)
∗

𝜑
−  𝐶𝑖) 𝑑𝑡          (1.14) 

 

𝐶𝑖 = (
𝑆 − (𝜑𝑟 ∗ 𝐶𝑟)∗

𝜑
) ∗ (1 − 𝑒−

𝜑∗𝑡
𝑉 ) 

 

The specified differential equation is given in Appendix V. In fully mixed spaces, the worst case 

situation for risk on airborne transmission equals the maximum concentration at equilibrium. For this 

situation only the limit of equation 1.14 is required. But, to eliminate the possibility that the maximum 

concentration occurs after long time (than probably a lower ACH is possible), the dynamic ventilation 

concentration equation is used in the contamination concentration calculation. 

φs * Cs 

φex * Ci 
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Contaminating source (𝑆) 

The generation rate of airborne infectious particles (quanta), is used as contaminating source (S) to 

model the contamination concentration in a room. The quanta production rates of the most common and 

contagious diseases in EMC (M. Tuberculosis, MRSA and Varicella) are illustrated in Table 4-4. 

 

If patients do not undergo a procedure that induces the production of aerosols, the average generation 

rate of airborne contaminated infections (regardless the disease) is usually assumed to be < 1 infectious 

quanta/minute [Atkinson et al., 2009]. This value is assumed to be the worst case quanta generation rate. 

The generation rate of the common diseases is lower than this value (Table 4-4). 

 

Table 4-4 – Quanta generation (𝐸) of most common airborne infectious diseases in children hospitals (tuberculosis, 
MRSA and Varicella), used as contaminating source (𝑆) input in equation 1.13 and 1.14. The mean quanta 
production rate, is the rate of airborne infectious particles released by one person. 

 (E) Mean quanta 
production rate of 

quanta < 5 μm 
[quanta/h] 

Standard 
deviation 
[quanta/h] 

 Reference 

Mycobacterium tuberculosis 
 
 
 
 
 
Average TB patient 

12,7 
1-50 

1,25 - 249 
54,29 
0-44 
0-60 
1,25 

3,0 
- 
- 

3,05 
- 

0,25 
- 

Stochastic analysis 
Measurement 
Estimation 
Estimation 
Measurement 
Measurement 
Risk assessment 

[Beggs et al., 2010] 
[Noakes et al., 2006] 
[ASHREA, 2014] 
[Chen et al., 2011] 
[Escombe et al., 2007] 
[Charney et al., 2006] 
[Riley et al., 1962] 

MRSA unknown - - - 
Varicella (chickenpox) 59 1,99 Estimated [Chen et al., 2006] 

 

Volume air supply, exhaust, recirculation and leakages (𝜑) 

The volume of air supply, exhaust and recirculation, as used in the contamination concentration 

calculation, is measured using flow finder and duct measurements (Figure 4-12). The airflow volumes are 

measured at all supply, exhaust and recirculation grills in order to determine the contamination 

concentration in the rooms This experiment is repeated for different values of ACH. An unknown 

parameter which is needed for the contamination concentration calculation is the exhaust volume of air 

leakages. This value is derived (calculated) from the differences between air supply and exhaust. The 

volumes measured/calculated are given in Table 4-5 and form the input for the concentration calculations.  

 

 

 

Figure 4-12 – a) Flow finder and b) Pitot tube for measurement of: c) Air supply, d) Exhaust and e) 
Recirculation and exhaust grills. The locations of the grills are illustrated in Figure 4-8. 

 

Table 4-5 – Average volumes of air supply, exhaust and recirculated air after 10 
measurements. 

 Type 1 room Type 2 room 

Air volumes 
[m

3
/h] 

9,1 
ACH 

6,0 
ACH 

2,2 
ACH 

12,0 
ACH 

7,2 
ACH 

3,1 
ACH 

Supply (ϕsup) 403 266 99 535 321 136 

Exhaust room (ϕex,r) 151 140 43 293 161 50 

Exhaust room to anteroom
1
 (ϕcd,1) 60 14 125 72 52 19 

Exhaust corridor to anteroom
1
 (ϕcd,2) 75 121 10 33 53 86 

Exhaust sanitary (ϕsan) 59 59 26 65 65 65 

Air leakages
2
 (ϕcg) 133 53 20 105 43 2 

Recirculation (ϕr) 191 191 191 - - - 
1
 Air volume defined using pressure differential measurements. Explained in §4.2.3. 

2
 Air volume defined using equation (1.15) 

 

For each value of ACH at each grill, the measurements are repeated ten times, after which the average 

value is calculated, as given in Table 4-5.  

A B C D E 
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Results 

The results of the calculated contamination concentration at different values of ACH (high, medium and 

low) and the worst case scenario for quanta generation (60 quanta/hour) are illustrated in Figure 4-11 for 

type 1 rooms and Figure 4-12 for type 2 rooms. The contamination concentration is indicated in particles 

per cubic meter of air in the room. 

 

The contamination concentration in type 1 rooms is considerably lower than the concentration in type 2 

rooms, as a result of the filtrated recirculated air volumes. Extracted air which is recycled, filtrated and 

mixed with outside air supplied back into the room reduces the heating power but at the same time the 

indoor air quality (CO2) becomes poor at high recycle rates. In both figures the concentration rises 

reaching the equilibrium (maximum concentration). The concentration in the sanitary also reaches 

equilibrium, but with a time delay. The concentration in the anteroom is lower than the maximum 

concentration in the isolation room, through air mixing with ‘clean’ air supply coming from the corridor. The 

(lower) maximum concentration in the anteroom is also reached with a time delay. For lower values of 

ACH (in both isolation room, sanitary and anteroom), the time at which the equilibrium is reached is 

significantly higher than for larger ACH. Note: the lower concentrations in the anteroom might be an 

advantage for the risk of infection transmission. 

 

 

Figure 4-13 – Contamination concentration type 1 room, in worst-case 
scenario of quanta production rate (60 quanta/h). 

 

 
Figure 4-14 – Contamination concentration type 2 room, in worst-case 
scenario of quanta production rate (60 quanta/h). 
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4.2.1.3 Risk forming airflow  (𝝋𝒓𝒊𝒔𝒌) 

The WIP guidelines, which prescribe that the air change rate in isolation rooms is sufficient high (6 to 7 

ACH), result in the assumption that the risk of disease spreading to adjacent areas would be very low to 

minimal. But as it is concluded that the required ACH, of isolation rooms is insufficient scientifically 

founded, and thus the risk of infection transmission is unknown, the risk of spreading diseases is defined 

as: ‘the risk of airborne infectious particles spread to spaces adjacent to airborne isolation rooms’ 

(according to the findings from the literature review). 

With the risk forming airflow, the infectious particle transmission can predict the probability of airborne 

disease transmission (equation 1.11). And is defined as an uncontrolled air flow from contaminated areas 

to clean areas, through: 

(1) Leakages through undefined cracks and gaps,; 

(2) Instability and reversed pressure differences at the anteroom door location (through door 

openings/closures by users activity); 

(3) Human motion; 

 

(1) Air leakages through undefined cracks and gaps (𝝋𝒄𝒈)  

Exfiltration of air from contaminated areas to clean areas through leakages is caused by an unbalance 

in the controlled air supply and exhaust in the room, caused by a variable flow. Changes in supply and 

exhaust will increasing or decreasing the room pressure and causes exfiltration/infiltration through 

undefined cracks and gaps, equal to differences in supply and exhaust. In order to estimate these 

undefined air leakages, the following equations are used:  

 
𝑑𝜑

𝑑𝑡
= ∑ 𝜑𝑖𝑛 − ∑ 𝜑𝑜𝑢𝑡 − 𝜑𝑣𝑎𝑟          (1.15) 

 

𝜑𝑣𝑎𝑟 = 𝜑𝑐𝑔 = 𝜑𝑠 − 𝜑𝑒𝑥,𝑠𝑎𝑛 − 𝜑𝑒𝑥,𝑖𝑠𝑜𝑙.𝑟. − 𝜑𝑐𝑑       (1.16) 

In which the supplied air (𝜑𝑠𝑢𝑝) minus the exhaust air at the sanitary (𝜑𝑒𝑥,𝑠𝑎𝑛) respectively the room 

(𝜑𝑒𝑥,𝑟), minus the clearly defined airflow through orifices (𝜑𝑐𝑑), equals the air exfiltration or infiltration of 

the room. In order to define 𝜑𝑐,𝑔, the air supply and exhausts are measured using flow find and duct 

measurement equipment, as mentioned in the previous paragraph (Figure 4-10). The airflow through 

clearly defined orifices is determined using pressure differential measurements as described below. 

 

Air movement through clearly defined orifices (𝜑𝑐𝑑)  

Due to differences in air pressure between adjacent areas, air flows from higher pressure areas to 

lower pressure areas. If the differential pressure (∆𝑃), geometric coefficient of the gaps (𝑐), and the 

empirical pressure exponent  (𝑛) are known, the gaps around a closed door can be modeled as an orifice. 

The differential airflow can be calculated according to the leakage function equation. This equation 

correlates the air leakage to the differential pressure, which produces the airflow [ASHREA, 2009]. This 

leakage function equation can be defined as: 

 

𝜑𝑐𝑑 = 𝑐(∆𝑃)𝑛          (1.17) 

 

 𝜑 = 𝑣𝑜𝑙𝑢𝑚𝑖𝑐 𝑟𝑎𝑡𝑒 𝑓𝑙𝑜𝑤 𝑡ℎ𝑟𝑜𝑢𝑔ℎ 𝑎𝑛 𝑜𝑟𝑖𝑓𝑖𝑐𝑒 [𝑚³/𝑠]; 

 𝑐 = 𝑓𝑙𝑜𝑤 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 [𝑚3/𝑠 ∗ 𝑚2 ∗ (𝑃𝑎)𝑛]; 

 ∆𝑝 = 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑙 𝑎𝑐𝑟𝑜𝑠𝑠 𝑡ℎ𝑒 𝑜𝑟𝑖𝑓𝑖𝑐𝑒 [𝑃𝑎]; 

 𝑛 = 0,5 < 𝑛 ≤ 1 [−]𝑓𝑜𝑟 𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 𝑎𝑖𝑟 𝑓𝑙𝑜𝑤, 1,0 [−]𝑓𝑜𝑟 𝑙𝑎𝑚𝑖𝑛𝑎𝑟 𝑎𝑖𝑟 𝑓𝑙𝑜𝑤. 

At different values of ACH, the pressure differences are measured at the two anterooms door locations, 

using pressure difference measurement equipment (Figure 4-15). The class of the flow coefficient is 

assumed to be ‘loose’ 𝑐 = 7,0 ∗ 10−4 𝑚3/𝑠. 𝑚2(𝑃𝑎)0,65, and depends on the geometry of the orifice (air leakage 

areas) and is commonly around 0,65 (for sharp-edged orifices), according to [ASHREA, 2009]. 
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Figure 4-15 – Pressure differences measurement. a) Anteroom door locations, b) differential pressure transducer, 
c) and d) differential pressure transducer connected to the magnehelic at the corridor, respectively room door 
location. 

 
Table 4-6 – Air flow through undefined cracks and gaps 
at different values of ACH in type 1 rooms. 

 Table 4-7 – Air flow through undefined cracks and gaps at 
different values of ACH in type 2 rooms. 

𝐴𝐶𝐻 𝜑𝑠𝑢𝑝 𝜑𝑠𝑎𝑛 𝜑𝑒𝑥,𝑟 𝜑𝑐𝑑,1 𝜑𝑐𝑑,2 𝝋𝒄𝒈  𝐴𝐶𝐻 𝜑𝑠𝑢𝑝 𝜑𝑠𝑎𝑛 𝜑𝑒𝑥,𝑟 𝜑𝑐𝑑,1 𝜑𝑐𝑑,2 𝝋𝒄𝒈 

9,1 403 59 151 60 75 133  12,0 535 65 293 72 33 105 
8,0 356 59 151 49 86 97  11,0 491 65 262 65 40 99 
6,0 266 59 140 14 121 53  9,6 429 65 215 55 50 94 
4,0 176 43 91 12 123 30  8,2 365 65 182 48 57 70 
2,9 128 30 63 11 124 24  7,2 321 65 140 52 53 64 
2,2 99 26 43 10 125 20  6,0 268 65 113 50 55 40 

        5,1 225 65 65 52 53 20 
        4,0 177 65 40 50 55 4 
        3,1 136 65 20 19 86 2 

 

Table 4-6 and 4-7 illustrate the results of the defined air movement through undefined cracks and gaps, 

as a result of the air volume measurements (Figure 4-12 and Table 4-5) and the air movement through 

clearly defined cracks and gaps (equation 1.17). The results show higher air volumes through undefined 

cracks and gaps at higher values of ACH.  The measured values of pressure differences have a bandwidth 

which is visible in for example Figure 4-16, indicated with a ‘Z’. For the calculations of airflow through 

clearly defined cracks and gaps the average value of the long term measurements is used (during closed 

door situations). 

 

Conclusions 

The risk of infection transmission depends on the air volume and the contamination concentration. A 

lower air volume means less exfiltration of air, but a higher contamination concentration. The calculation of 

the infectious particle transmission need to be considered for defining the acceptable value of ACH. 

The WIP requirements recommend  𝜑𝑐𝑔 < 0,05 ∗ 𝑄𝑠 as revealed in the literature review of §2.4.3, but 

this is often not feasible (in existing buildings) through openings alongside for example air, water, electricity 

or central heating ducts. From the results of the calculations of equation 1.17 it can be concluded that the 

rooms have a low air tightness.  

There are differences in air tightness between rooms, however in al situations, a higher value of ACH 

result in a larger volume of airflow through undefined cracks and gaps. 

The worst case situation of transmission of air (containing contamination) occurs if the airflow through 

undefined cracks and gaps flows in only one (critical) direction, to public areas (e.g. the corridor) or 

adjacent rooms (with patients who are susceptible). Air tightness (air leakages) is often difficult to detect 

and thus accessed by an calculation. The worst case is considered to eliminate uncertainties. In order to 

gain more accuracy of the air flows through undefined cracks and gaps, a blower door test or a leakages 

detection test can be used. 

 

(2) Air movement through inversed or instability of pressure differences (𝝋𝒊𝒑) 

As users activity include opening and closing doors, a pressure differences of sufficient magnitude and 

stability is required in order to prevent inversed airflows. The current WIP requirements prescribe a 

pressure difference of 5 Pa in a situation with closed doors, as reviewed in §2.4.3. For the stability of the 

pressure differences, no requirements are described. The isolation room HVAC system has no pressure 

control and the amount of air supply and exhaust is constant. As the pressure difference changes during 

entering or leaving the isolation room, the stability becomes important and is investigated, using 

measurements. The measurements investigate if the air flow becomes inversed during opening/closing 

doors (through persons who entering or leaving the room). An inversed airflow is indicated with an 

inversed pressure difference. 

Pressure transducer            Clearly defined orifice 

∆P
Qcd,1

Anteroom

Isolation 
room Corridor

Ex
∆P

Qcd,2

A                   B                        C      D 
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The pressure differences measurements (as illustrated in Figure 4-12) are also used for determining 

the risk forming airflow caused by inversed or instability of pressure differences due to users activity 

(through opening and closing doors). The measurements are performed in two rooms types at both the 

ON/HE and MC/HC department, for different values of ACH (low, medium and high). The measurement 

results are illustrated in Figure 4-13 up to 4-21. 

 
0s < t < 75s 81s < t < 93s75s < t < 81s 93s < t < 102s 102s<t<180s 180s < t < 183s t>183s

 

Figure 4-16 designates the measurement results of the pressure differences and pressure drop during 

opening and closing doors at 9,1 ACH in type 1 rooms. Opening of the door at the room-anteroom at 75s 

results in a pressure drop from 5,9 Pa to 0,5 Pa (room-anteroom), and stabilizes at 0,2 Pa. The pressure 

difference drops but remain positive (flow in right direction). At the same time there is an inversed pressure 

difference visible at the anteroom-corridor door location as illustrated with the red arrows in the overvieuw 

of door movements (from anteroom to corridor). During opening of the anteroom-corridor door at 81s, the 

pressure difference of the room-anteroom is inversed (-0,7 Pa), and stabilizes at 0,2 Pa. The pressure 

difference at the corridor –anteroom door location remains negative. It is remarkable that openings of 

doors at the room-anteroom location do not necessarily lead to inversed pressure differences (t > 180s).  

 
t>54s0s < t < 42s 48s < t < 54s42s < t < 48s

 
 

Figure 4-17 – Measurement results pressure differences type 1 at 6,0 ACH. Movement from the room to the corridor. 

Figure 4-16 – Measurement results of pressure differences during isolation room usage of type 1 room at 9,1 
ACH. A person moves from the room to the corridor and back to room. 
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The same measurements are performed during opening and closing doors at 6,0 ACH in type 
1 rooms (Figure 4-17). These results are not reviewed in detailed as the results of Figure 4-16, 
since the results are comparable to each other. The results show that door openings do not lead 
to inversed pressure differences. However, door closure (room/anteroom) leads to inversed 
pressure differences and thus an inversed airflow. 

 

 
0s < t < 27s 30s < t < 75s 75s < t < 78s 78s<t<99s 99s < t < 102s 102s<t<204s27s < t < 30s 204s<t<207s 207s<t<210s 210s<t<213s 213s<t<216s

 

Figure 4-18 – Measurement results pressure differences type 1 room at 2,9 ACH. 

 

Figure 4-18 designates the results of the pressure differences at the door locations and the pressure 

drop during opening and closure of doors of type 1 rooms at 2,9 ACH. Inversed pressure differences are 

visible during openings of the anteroom-corridor door location. 

  
0s < t < 42s 141s < t < 153s42s < t < 141s 153s < t < 156s 156s < t < 186s t > 186s

 
Figure 4-19 – Measurement results pressure differences type 2 room at 6,0 ACH. Human motion from corridor-room.  

 

Figure 4-19 and 4-20 illustrate the results of the measurements in type 2 rooms at different values of 

ACH. In Figure 4-19 it is visible that opening of a door (corridor-anteroom) leads to an inversed pressure 

difference. In Figure 4-20 closing a door leads to inversed pressure difference. 
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0s < t < 66s 69s < t < 78s66s < t < 69s t>78s

 
 

Figure 4-20 – Measurement results pressure differences type 2 room at 3,1 ACH. Human motion from corridor-
room.  

 

Although the differences in the magnitude of pressure differences at high and low values of ACH, the 

inversed pressure difference is not more of less at higher/lower value of ACH. At all values of ACH the 

pressure differences become inversed through users activity (opening and closure of doors and 

movement). The amount of inversed airflow is difficult to determine, but assuming that swinging doors lead 

to movement of air volumes, and thus air exchanges across the open door, if a door opens (Figure 4-21), 

make it able to access the inversed air volume. 

 

The air is dragged into the region in which the door is swapped. Closing doors does not seem to lead 

to any significant air exchange between rooms [Tang et al., 2006]. The amount of air volume dragged 

during opening of a door, is calculated assuming that a person is leaving the room. A hinged door (in the 

case of the isolation rooms, 𝑟 = 1 𝑚) opens from a closed to open position around 55°, resulting a door 

edge travel distance of 2πr ∗ (55/360) = 0,96 m. The time in which the door opens is assumed to be 2 𝑠, 

resulting in an air flow with the speed of 0,48 𝑚/𝑠. The area of the door is 2,3 𝑚2, resulting in an air 

movement from the anteroom to the corridor of approximately 1,1 𝑚3. 

 

 
Figure 4-21 – Air exchange through opening of doors. 

 

Note: air movements through door movement can be reduced using sliding doors, although this 

solution leads to less air exchange, they are a large source of pollution due to their mechanisms which are 

difficult to clean. 

 

(3)  Air movement through human motion (𝝋𝒉𝒎)  

If people move, they displace air in front of them and carry an air wake forwardly (created by a 

pressure difference which drives (contaminated) air from two lateral sides into the wake). Air is transported 
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from the room to the corridor by human motion through door openings. People walking through the 

doorway move a considerable volume of (infectious) air across the opening, which equals to a volume flux 

(𝐹 𝑖𝑛 𝑚𝑠/𝑠), calculated using the following equation [Tang et al., 2006]: 

 

𝐹 = (𝑐𝑑𝑟 ∗ 𝐴 ∗ 𝑣) / 2          (1.18) 

 

 𝑐𝑑𝑟 = 𝑑𝑟𝑎𝑔 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑓𝑜𝑟 𝑎 𝑏𝑜𝑑𝑦 [−]; 

 𝐴 = 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑏𝑜𝑑𝑦 [𝑚2] ; 

 𝑣 = 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑎𝑖𝑟 𝑓𝑙𝑜𝑤 [𝑚/𝑠]; 

 

It is assumed that the frontal area of a persons’ body is approximately (𝐴 = 0,35 𝑚 𝑥 1,7 𝑚 =

0,595 𝑚2). The velocity of the air flow is assumed to be equal to the walking speed of the person (𝑣 =

 1,1 𝑚/𝑠). The drag coefficient equals 1,16 according to [Penwarden et al., 1978]. For this person the 

volume of air flux 𝜑𝑓 = (1,16 𝑥 0,595 𝑥 1,1) / 2 =  0,38 𝑚3/𝑠. 

In addition, a moving person produces a wake which also transports air (containing infectious 

particles). This wake is assumed to be the volume of the persons’ body (0,35 𝑚 𝑥 1,7 𝑚 𝑥 0,2 𝑚 =

0,119 𝑚3), resulting in a total air movement of 0,5 𝑚3. 

 

Figure 4-22 – Wake behind a body, produced 
by a moving person.  

 

Note: at both large or small ACH, human motion affect airborne transmission, but at large ACH its 

effect is less important than at small ACH. If the ACH becomes smaller, the human motion becomes more 

important for spread of infections, as the concentrations in the rooms are higher (higher risk). 
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4.2.2. Results  

This paragraph describes and discusses the results of the room model as explained in §4.2.1, 

calculated using equation 1.11. Figure 4-23 illustrates the number of infectious particle transmission, and 

the acceptable particle transmission of both type isolation rooms, according to the following equations: 

 

1) 𝐶𝑖 ∗ 𝜑𝑐𝑔 < 𝑎𝑐𝑐𝑒𝑝𝑡𝑎𝑏𝑙𝑒 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑡𝑟𝑎𝑛𝑚𝑖𝑠𝑠𝑖𝑜𝑛       (1.19) 

2) 𝐶𝑖 ∗ 𝜑𝑖𝑝 < 𝑎𝑐𝑐𝑒𝑝𝑡𝑎𝑏𝑙𝑒 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑡𝑟𝑎𝑛𝑚𝑖𝑠𝑠𝑖𝑜𝑛 

3) 𝐶𝑖 ∗ 𝜑ℎ𝑚 < 𝑎𝑐𝑐𝑒𝑝𝑡𝑎𝑏𝑙𝑒 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑡𝑟𝑎𝑛𝑚𝑖𝑠𝑠𝑖𝑜𝑛 

 

 
 

Figure 4-23 – a) Infectious particle transmission and acceptable particle transmission through 
contaminated airflow through 1) leakages through undefined cracks and gaps and b) through 2) 
instability and reversed pressure differences and 3) human motion through door openings. 

 

A period of one hour (instead of seconds as described in equation 1.11) is determined for the particles 

transmission through cracks and gaps (Figure 4-23a), as it is assumed that infectious particles flowing to 

an adjacent room where patients are hospitalized for many hours. In both type 1 and type 2 rooms the 

particle transmission is smaller than the acceptable particle transmission at low values of ACH (< 4 ACH). 

At these values of ACH, the contamination concentration is relatively high, however the risk forming airflow 

is relatively low. 

 

In Figure 4-23b the results of the particle transmission through inversed/instability of pressure 

differences, and the human motion are designated. Room type 1 has a relatively low contamination 

concentration at the anteroom at low values of ACH. These low concentrations are a result of larger 

pressure differences at the anteroom-corridor door location compared to the anteroom-room door location. 

Large volumes of uncontaminated air flow from the corridor to the anteroom, compared to small volumes of 

contaminated air from the room to the anteroom. At large values of ACH, the volumes of contaminated air 

equals the volumes of uncontaminated air entering the anteroom, resulting in higher concentrations and 

thus larger risk of transmission if the pressure difference is reversed or instable, and/or human walking 

from the anteroom to the corridor. 

 

The number of infectious particle transmission at 3 ACH for type 2 rooms does not correlate to the 

results of other values of ACH. The explanation for this deviating number of particle transmission is the 

contamination concentration in the anteroom. Through a higher pressure difference at the anteroom-

corridor door location, compared to the anteroom-room door location, large amounts of uncontaminated air 

flows into the anteroom. Resulting in a low contamination concentration in the anteroom, and thus a low 

number of particles in the airflow of inversed pressure differences. The results of particle transmission 

through undefined cracks and gaps are only valid for rooms with a flow coefficient that is assumed to be 

‘loose’. Rooms which are more airtight have a lower risk on particle transmission, however in literature it is 

concluded that more airtightness leads to more instability of the pressure differences during opening or 

closure of doors and thus a higher risk on particle transmission at the door location [Brink, A., 2010]. 

 

0

5

10

15

20

25

30

0 2 4 6 8 10 12 14

In
fe

c
ti
o

u
s
 p

a
rt

ic
le

 t
ra

n
s
m

s
s
io

n
  

[n
u

m
b

e
r 

o
f 

p
a

rt
ic

le
s
 t
ra

n
s
m

it
te

d
 d

u
ri

n
g

 1
 h

] 

ACH [1/h] 

1) Particle transmission through undefined cracks 
and gaps (concentration in isolation room) 

Acceptable particle 
transmission 

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0 2 4 6 8 10 12 14

In
fe

c
ti
o

u
s
 p

a
rt

ic
le

 t
ra

n
s
m

s
s
io

n
  

[n
u

m
b

e
r 

o
f 

p
a

rt
ic

le
s
] 

ACH [1/h] 

2 and 3) Particle transmission inversed/instability of 
pressure differences  and human motion 

(concentration in anteroom) 

Type 1 room

Type 2 room

A B 



     Master thesis I. (Ilse) Schoenmakers 

Technische Universiteit Eindhoven University of Technology 

   
 

48 
 

It is concluded that the particle transmission through undefined cracks and gaps is the most 

important/crucial factor for infectious particle transmission. It is recommended that isolation rooms are as 

airtight as possible to prevent air from being pulled in through these undefined cracks and gaps. 

Ideally, rooms should be sealed except for the clearly defined gap(s) (as mentioned in the literature of 

§2.4.3). Additionally, a more airtight room and maintaining the same air supply conditions result in higher 

pressure differences at the door locations. According to this phenomena, a more airtight room at the same 

pressure differences at the door locations, result in less air supply and thus potentially energy reduction. 

4.2.3. Experiment with variable airflow in isolation rooms 

The quanta generated by a person is assumed to be evenly distributed in the room, assuming a fully 

mixed room space. In epidemiological studies and indoor air quality investigations, it is a common 

practice/usual to assume a uniform and instantaneous distribution of contaminations in the indoor space 

when estimating the concentration of airborne infectious particles, as defined in the Well-Riley equation 

[Riley et al., 1978]. On the other hand, it is generally known that this fully mixed assumption is simplistic, 

particularly for point sources, and for short-term or localized indoor exposures, like an infectious patient 

[Lobscheid et al., 2002]. Completely mixed indoor air can never be achieved in practice, considerable 

errors can occur when estimating the intensity of exposure to airborne pathogens using the assumption of 

perfectly mixed air to represent a room with imperfectly mixed air. The model needs to be validated, to 

determine the values of ACH at which the room is not fully mixed. 

 

In practice there is a possibility of different concentration rates in the room. Using a tracer gas 

technique at a point-location, which indicates the emission of infectious particles by a patient, allows 

validating the room model [ASHRAE, 2004]. This paragraph reviews the findings of the room model with 

an experiment with variable flow in isolation rooms. 

 

The scope of the tracer gas technique is to visualise the air distribution in the isolation room, making it 

possible to: 

 Determine the conditions (ACH) under which the fully mixed assumption is appropriate; 

 Model the contamination concentrations when the fully mixed approximation is inappropriate 

(determine the contamination concentration distribution in the room). 

 

Method (according to NEN-EN-ISO 12569 [NEN,2012]) 

The room is assumed to be fully mixed, if an equal CO2 concentration at certain designated points 

(Figure 4-24 and 4-25) in the room is reported. If the air in the isolation room is not fully mixed, there are 

stagnant zones, which lead to higher CO2 concentrations at these locations.  

The test is accomplished by constantly emitting an amount of CO2 into the unoccupied isolation room. 

The concentration is kept constant during the entire measurement and depends on the air supply volume 

(Appendix V). It is assured that the air movements created by the ventilation system and other natural 

sources is not disturbed by human activities. It is assumed one patient to be the contamination source, 

who releases respiratory pathogens, represented CO2 gas. The contamination source is located at the 

(usual) patients position (red dot in Figure 4-24 and Figure 4-25).  

 

Carbon dioxide (CO2) 

As the SF6 gas method equipment was not available for this research, carbon dioxide gas technique 

was used as best alternative tracer gas method. This selection is made according to its properties. This 

inert organic compound is always detectable in the indoor air and is considered not to be chemical (no 

chemical reactions with the air or surface areas, and no risk to patients, visitors and employees). The size 

of one molecule is approximately 0,00065 μm (< 0,5 μm of airborne particles) and the gas does not react 

to the fire detection system (not necessary to separate a part of the system from the fire detection). 

 

Measurement set-up 

Figure 4-24 and Figure 4-25 illustrate schematic overviews of the recorders in the room (identified with 

‘x’), the contamination source (red dot) and the expected airflows to the exhaust grills. The tracer gas 

concentrations are analogous recorded, at the same time, at each individual exhaust grill (‘Ex’ and ‘R’), 

with CO2 measurement recorders (Figure 4-26). For identifying the potential stagnation zones the 

concentration was monitored at several point in the room, also indicated with ‘x’. With these recorders the 

air distribution in the isolation room, anteroom and sanitary can be obtained.  
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Figure 4-24 – Expected airflows from the 
contaminant source (red dot) to the exhaust grills 
in the type 1 room, anteroom and sanitary. The 
CO2 recorders are located at the locations 
indicated with ‘x’ at different heights. 

 Figure 4-25 – Expected airflows from the 
contaminant source (red dot) to the exhaust grills 
in type 2 rooms. The CO2 recorders are located at 
the locations indicated with ‘x’ at different heights.  

  

Measurement equipment 

Figure 4-26 illustrates an overview of the measurement equipment used for this experiment. A cylinder 

with CO2 gas is used for liberating the CO2 concentration. The cylinder is provided with a reduction valve 

and the concentration amount controlled by mass flow controller to inject a precise flow rate of CO2 into the 

room. The specifications of the measurement equipment and the properties of the tracer gas are listed in 

Appendix VI. The CO2 recorders as specified in Figure 4-26 are connected a data logger for continuous 

measuring. 
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Figure 4-26 – Measurement set up and measurement equipment, tracer gas method. 

 

The measurements are repeated for each setting of ACH, from the current ACH settings to 2 á 3 ACH. 

This value of ACH is the minimum reachable value due to positive pressure requirements, with sufficient 

pressure differences to the anteroom. Each volumetric flow rate of the supply and exhaust ducts is 

measured before starting the measurement. 

 

The amount of CO2 discharged into the space (appendix V) is determined by: 

 The initial concentration in the room C(0). This value is a the background concentration 

(concentration naturally present in the room due to outside air supply. This value may not exceed 

the amount of the discharged CO2 concentration; 

 The allowable limit CO2 in the room (Ci), defined as the hygienic boundary value (1000 ppm); 

 The recording bandwidth of the CO2 recorders (0 – 2000 ppm and 0 – 5000 ppm). 
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Figure 4-27 – CO2 concentration discharged into the 
space depending on the background concentration and 
the hygienic boundary value. 

 

The background concentration may fluctuate during the time, as outside air conditions are of changing 

nature. The range in which the background concentration varies is measured before and after each 

measurement (Appendix V). 

 

From starting injecting a constant volume of CO2 into the room, the concentration increases and 

reaches a stable value (equilibrium concentration) in the whole room, and increases with a delay in the 

anteroom and sanitary. Crucial for this method is that the measurement is completed only after the CO2 

concentration is near the equilibrium [Laussmann et al., 2011]. The time at which this uniform 

concentration occur is derived from the limit of equation (1.14), which assumes the situation to be fully 

mixed. The outdoor air supply rates are assumed to be constant (according to flow measurements these 

values deviation of + 2%). 

 

When tracer gas is used, occupants should be simulated with a heat source [ASHRAE, 2004]. The 

pollutant source possibly influence the air displacement, due to its thermal boundary layer, moving up air 

that contains a higher contamination concentration. This heat sources is simulated by a light bulb (the heat 

production of a child is assumed to be 70 W, at the patients’ location (Figure 4-28).  

 

 
Figure 4-28 – Heat source and dimmer. 

 

During the measurements, samples of the ambient air (relative humidity and temperature) are taken, as 

it might be possible that the probes are sensitive to the properties of the air. Changes in the humidity 

during the measuring period may cause an offset error.  

 

Test protocol assumptions 

 The concentration of CO2 in the outside air entering the room is measured; 

 The boundary conditions are steady state. Low wind speeds, temperature in the room and weather 

conditions as steady as possible. The background concentration fluctuates within a bandwidth of 7 

ppm.  

 The airflow rates are constant (+ 2 m
3
/h). 

 

Validation of CO2 recorders 

The CO2 recorders are validated in order to exclude measurement errors due to mutual deviation of the 

recorders. The recorders are grouped together in an enclosed space (Figure 4-29) in which the CO2 

concentration is gradually rising from the background concentration to 2000 ppm (recordable range of 

sensors).  

Heat source 70 W 
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Figure 4-29 – Measurement set up of validation measurement of CO2 
recorders. a) The measurement is performed in an enclosed space. b) The 
recorders are grouped together in order to determine their mutual deviation. 

 

The results of this validation measurement are illustrated in Appendix VII. For the determination of 

mutual deviation between the recorders, by which the recorder results are corrected, the following equation 

is used: 

 

𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑟 𝑥1 =  
∑ 𝑥1,…,𝑥12

12
− 𝑥1           (1.19) 

4.2.4. Results 

The corrected results of the validation measurements are illustrated in Figure 4-30. The measurement 

results reveal for both room types, at large values of ACH, a less uniform distribution of CO2 throughout 

the room, compared to lower values of ACH. A possible explanation is short circuiting at high values of 

ACH, a result of supplied air that is exhaust before mixing with contaminants.  

Airborne contaminants are removed from the isolation room by ventilation. The basic idea of ventilation 

is to create an airflow, which will absorb the contaminants from the source in such a way that the local 

concentration is low throughout the room. The airflow containing contaminants must be removed directly to 

the outside, preventing uncontrolled airflows towards critical directions containing high concentrations. 

On the other hand, the concentration in the room is preferred to be fully mixed in order to prevent short 

circuiting, and to create a more controllable situation.  

 

 
Figure 4-30 – Air distribution isolation rooms. 
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Boxplots of contamination concentration at different values of ACH access the uniform distribution of 

contamination throughout the room (Figure 4-31 and Figure 4-32). In both room types, the contamination 

concentration distribution is more uniformly mixed throughout the room (smaller bandwidth in boxplot) at 

lower values of ACH. However the concentration at lower ACH is higher, lower ACH result in a more 

controllable situation for contamination distribution in the room. 
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Figure 4-31 – Boxplot of concentration distribution in 
type 1 room. 

 Figure 4-32 – Boxplot of concentration distribution 
in type 2 room. 

 

The local contamination distribution is determined, in order to indicate the critical points in the room. 

The following equation is used for defining the distribution balance [ASHRAE, 2004]: 

 

ℇ =
𝐶𝑖,𝑥

〈𝐶〉
∗

1

∑ 𝑥
          1.20 

 

 𝐶𝑖,𝑥 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑡 𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑟 𝑥′ ′(𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑝𝑜𝑖𝑛𝑡);  

 〈𝐶〉 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑜𝑜𝑚.  

 

If ℇ indicates the same value (=
1

𝑥
 ) at all recorder locations, the room is assumed to completely mixed 

at all points in the room. 
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Figure 4-33 – CO2 distribution in: a) type 1 room at 8,0 ACH, b) type 1 room at 2,9 ACH, c) type 2 room at 12 ACH and 
d) type 2 room at 4 ACH. 
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Figure 4-33 illustrate the local contamination distribution in the two rooms at different ACH. The red 

numbers in the figures designate the contamination in the room. It is visible that the contamination in the 

room is not fully mixed, but clearly more equally mixed at lower values of ACH (Figure 4-33 b and d). 

Additionally it is concluded that a higher value represents a higher concentration and is thus a more 

critical location. In all situations of Figure 4-33 the CO2 concentration in the anteroom is lower or equal to 

other points in the room/sanitary, which is beneficial for infectious particle transmission during opening and 

closing doors at the anteroom location. However, as has been seen in Figure 4-23b these uncontrolled 

airflows are less crucial than air flows through cracks and gaps. 

In order to prevent the risk of infection transmission, the airflow through undefined cracks and gaps 

need to have a sufficient low contamination concentration (due to sufficient ACH), or the airflow need to be 

sufficient low (airtight room). These requirements create a sufficient low number of particles at point P. 

Addtitionally, a more controllable contamination concentration in the room (more evenly distributed 

concentration), positively influences the controllable situation. This more controllable situation is reached 

with a lower ACH.  

4.2.5. Conclusion  

According to the results and findings of §4.1 and §4.2, this paragraph reviews possible solutions for 

energy reduction in isolation rooms. 

 

The HVAC energy consumption in isolation rooms is mainly caused by large volumes of air supply and 

are continuous supplying to the rooms, regardless the occupancy of the room. Resulting in over 

conditioned rooms, which leads to excessive energy consumption. It is concluded that the actual energy 

supply must be aligned to the energy demand. 

 

Solutions frequently used for this problem is HVAC setback using time schedules based on occupancy 

profiles. In for example office buildings HVAC schedules are defined for typical occupancy patterns, in 

order to reduce the energy consumption by HVAC setback. However, in isolation rooms, such fixed design 

profiles of occupancy patterns are not feasible, since occupants’ arrival and departure times are difficult to 

generalize and predetermine because of its stochastic nature [Yang et al., 2014]. 

 

HVAC set back in isolation rooms require an unconventional approach, others than time schedules. A 

possible solution is manual HVAC setback for heating, cooling and ventilation. However, an important note 

to manual HVAC setback in ventilation rate is the increased risk of disease transmission through human 

failure. The risk of HVAC setback for heating and cooling is expected to be low. 

A potential approach for HVAC setback is connecting the HVAC system to the patient registration 

system. As the system knows whether patients are hospitalized, what type of care is needed and what the 

matching HVAC requirements are. 

 

The amount of HVAC setback depends on the type of occupancy in the room. For non-airborne 

infectious patients, a reduction of ACH to the guidance for single bedrooms (100 m3/h per person = 2 

ACH) is possible, provided that the comfort requirements are reached with these requirements. The ACH 

for isolation type of patients is doubtful. According to the room model results in §4.2 it is concluded that the 

ACH for isolation patients can be reduced to < 6 ACH, however a more detailed model is needed which 

provides more certainty. The room model as defined in this research revealed that transmission of 

infectious particles through undefined cracks and gaps is most crucial (has most influences on 

transmission). Additionally, it is concluded that at low ACH the contamination concentration is more evenly 

distributed. On the other hand, the concentration is higher. For not occupied rooms, the ACH need to be 

sufficient to maintain the space conditions for the time a patient need to be hospitalized. But also to keep 

the room at a low positive pressure in order to keep contaminants outside the room. 

 

In both the hand calculations and Vabi Elements simulations the fan energy demand is not taken into 

account, as preliminary research revealed that this part of the energy consumption is significantly small, 

due to the overruling energy demand of heating and cooling [Schoenmakers, 2014]. If energy influencing 

parameters are adapted during this research, resulting in decreased heating or cooling energy 

consumption, the fan energy consumption may possibly become important, and need to be taken into 

account in the process on energy reduction. 
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5.  Energy reduction potential 

The steps of the Pareto analysis result in identification of potentially energy reduction in isolation rooms 

of EMC Sophia. In the previous Chapter it is concluded that the energy consumption can be reduced by 

alignment of the actual energy supply to the theoretical demand through assessing ACH, user presence 

and occupancy and temperature. In this chapter, the magnitude of the energy reduction potential is 

determined in order to verify if the Pareto analysis is a useful method for energy reduction in EMC, UMCs 

or buildings with complex building systems. Using a HAMBase/Simulink simulation model, the magnitude 

of the energy reduction potential is defined, and is represented by the following equation: 

 

(𝐸𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 = ∑ 𝑎𝑐𝑡𝑢𝑎𝑙 𝑠𝑢𝑝𝑝𝑙𝑦 − ∑ 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑑𝑒𝑚𝑎𝑛𝑑)    (1.20) 

 

The actual energy supply is based on measurements in the case study isolation rooms, and the 

theoretical energy demand is based on the user analysis and the room model as defined in Chapter 4. 

Figure 5-1 illustrates the part of the research framework which is described in this Chapter. 
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Figure 5-1 – Schematic overview of the research 
framework. The highlighted part is described in this 
Chapter. 

5.1 Simulation model energy reduction potential 

The simulation model compares the actual energy supply to the theoretical energy demand (both 

simulations uses the same simulation model). Figure 5-2 illustrates the principle of determining the energy 

reduction potential, using the simulation model. 
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Figure 5-2 – Principle of determining the energy reduction potential of isolation rooms in EMC Sophia, using 
HAMBase/Simulink as simulation model. Left: the measured data is used as input in the simulation model, resulting in 
the actual HVACs’ energy supply. Right: the theoretical room model and user analysis form input in the model, resulting 
in the theoretical HVACs’ energy demand. The substration of the two outputs represents the energy reduction potential. 
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The simulation model calculates the central and local heating, cooling, (de)humidification and fan 

energy supply/demand.  In §5.2 the data that is used as input in the simulation model for determining the 

actual energy supply, and the data used as input in the simulation model for determining the theoretical 

energy demand is described. Figure 5-3 illustrated the simulation model used for determining the energy 

reduction potential. The specified description of the model is given in Appendix VI. 

 
Figure 5-3 – HAMBase/Simulink model for determining the energy 
reduction potential of isolation rooms in EMC Sophia. 

5.2 Actual energy supply compared to theoretical demand  

Actual energy supply based on measurements 

For accessing the magnitude of the actual energy supply, a room is assumed to be constantly occupied 

by isolation type of patients (current system operation). The system supplies continuously a constant 

volume of air supply to the rooms, and the room temperature equals the temperature as set by the patient 

in the room (comfort requirements of patient).  

The actual energy supply (heating, cooling and ventilation) of the HVAC system is determined for four 

selected isolation rooms: two rooms of department ON/HE and two rooms of MC/HC. The input data of the 

simulation model is based on a two times three week measurement and illustrated in Table 5-1. 

 

Table 5-1 – Input data simulation model for accessing the magnitude of the actual energy 
supply.  

 Room 1 Room 2 Room 3 Room 4 

Air supply [m
3
/h] 521 395 379 435 

Occupancy [%] 100 100 100 100 
Temperature measured measured measured measured 

 

Measurement set up for the simulation model input data 

The volume of air supply is constant for all types of occupancy, and is measured using flow find 

measurements. These measurements are repeated 10 times, after which the average value is reported in 

Table 5-1. The room temperatures depend on the comfort settings of the patients in the room and are 

measured using a temperature recorder in the room, obtained during a three week measurement.  

 

  
Figure 5-4 – Measurement equipment 
for determining the actual energy supply 
of the isolation rooms. a) Flow finder and 
b) temperature recorder. 

A           B    C 

1) Simulation 

2) model input 
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Theoretical energy demand based on room model and user analysis 

As concluded in Chapter 4, the isolation rooms are over conditioned if the HVAC system operation is 

not aligned to the user presence and occupancy. An unoccupied room requires other room conditions than 

an isolation room used by an isolation patient. To access the theoretical demand, taking the user presence 

and occupancy, and the room conditions into account, a test criteria is used. This test criteria is 

implemented in the same simulation model as used for determining the actual energy supply. This test 

criteria consist of a decision tree, the choice for ACH and temperature depends on the type of occupancy. 

These test criteria form the input of the simulation model and result in the theoretical energy demand, for 

different presence and occupancy types (Figure 5-5).  
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Figure 5-5 – Test criteria for determining the theoretical energy demand, 
as input for the HAMBase/Simulink model. 

 

The input for the simulation model consist of: presence and occupancy, ACH and temperature (as 

visible in the discussion three of Figure 5-5). 

 

Presence and occupancy 

During three weeks, the actual user presence and occupancy (path 1) is registrated using a logbook, 

and is observed for verification of the logbook results. 

 

ACH 

The ACH per type of occupancy is defined using the findings in Chapter 4. For non-isolation type of 

patients, the ACH is assumed to be equal to single bedroom requirements and for not occupied rooms it is 

assumed to be sufficient if the room conditions are maintained (in order to be able to hospitalize patients in 

the room if needed). Table 5-2 illustrates the input data for the simulation model. 

 

Temperature 

The temperature in de rooms is measured during the three week measurement. It is assumed that the 

room temperature equals the comfort temperature of the occupants, as occupants set the temperature to 

their comfort level (as concluded in §3.1).  

 

Table 5-2 – Input data simulation model for accessing the theoretical energy demand. 

 Room 1 Room 2 Room 3 Room 4 

Air supply [m
3
/h] (isolation patient) 133 / 267 

(3 / 6 ACH) 
133 / 267 

(3 / 6 ACH) 
133 / 267 

(3 / 6 ACH) 
133 / 267 

(3 / 6 ACH) 
Air supply [m

3
/h] (non-isolation patient) 100 100 100 100 

Air supply [m
3
/h] (not occupied) 50 50 50 50 

Occupancy [%] Variable 
observerd 

Variable 
observerd 

Variable 
observed 

Variable 
observed 

Temperature Measured  Measured  Measured  Measured 
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Results  

Figure 5-6 designates the results of the simulation model in four rooms, comparing the actual energy 

supply to the theoretical energy demand. Room 1 and 2 are located at the ON/HE department, room 3 and 

room 4 are located at the MC/HC department.  

Both part of the figures illustrate the theoretical energy consumption of isolation type of patients, non-

isolation type of patients and unoccupied rooms. The striped bar charts represent the theoretical energy 

reduction potential. In part A of the figure a value of 3 ACH is used as input for isolation type of patients 

(reduction potential according to the room model).  Part B of the figure are the results of an input value of 6 

ACH (the current WIP requirements). The actual energy supply per isolation room equals the sum of the 

four categories. 

 

 
Figure 5-6 – Energy reduction potential isolation rooms through alignment of actual 
energy supply to theoretical demand. 

 

Differences in energy consumption and reduction potential are a result of hospitalization of different 

types of patients, at different times in different rooms. And different comfort settings of different type of 

patients in the rooms. Additionally, differences between room 1/2 and room 3/4 are a result of external 

conditions, as the input data of those rooms is measured during different weeks. This is a result of the 

availability of measurement equipment. Additionally, in this figure it is visible that in room 3 and 4 during 

the measurement period no isolation patients were hospitalized.  

5.3 Testing the hypothesis: Pareto analysis 

The hypothesis of this research: the Pareto analysis is a useful method for accessing the energy 

reduction potential in UMCs is tested in the previous paragraphs and discussed in this paragraph. The 

percentages at the top of the bars in Figure 5-6 represent the percentage of energy reduction potential in 

isolation rooms of EMC Sophia. The results of all rooms show that the majority of the energy consumption 

can be reduced by assessing the KPIs. For some of the rooms the percentage of the theoretical reduction 

potential is near the 80%, as prescribed by the 80/20 rule. For the other rooms, the percentage of the 

theoretical reduction potential is still high (majority of the energy supply), resulting in the conclusion that 

the Pareto analysis is a useful method for accessing energy reduction potential in isolation rooms. 
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6. Discussion, conclusions and future direction 

In this chapter the limitations of the research are discussed, and the main conclusions and the content 

of the research is summarized. Finally, recommendations for future research on the topic: energy reduction 

potential in the complex HVAC systems of UMCs are provided. The conclusion and discussion are 

structured according to the steps as defined in the research methodology. 

6.1 General discussion 

Differentiate energy consumption to functions 

 In preliminary research, the energy consumption of the most common healthcare functions of UMCs 

were differentiated. As the energy reduction potential is based on the energy intensity and the total 

energy consumption (intensity times the gross floor area), and the gross floor area possible varies in 

other UMCs, the distribution of energy possibly differs per UMC. 

 

Defining Key Performance Indicators of energy consumption isolation rooms 

 During identifying the energy influencing parameters using hand calculations and Vabi Elements 

simulations, only the summer period is calculated/simulated. However it is not proven by calculations or 

simulations, it is reliable to assume that transmission and ventilation loss mechanisms are even more 

dominant in the winter period. For more certainty, calculations and simulations are required during 

winter period. 

 The models used in the hand calculations and Vabi Elements simulations are not validated. However, 

the Vabi Elements simulation hourly results and hand calculations are very approximate, during equal 

external conditions. 

 The room temperature measurement data from the BMS, which is measured during two years as 

illustrated in Figure 3-15, is not verified with other measurements. However, the measurements as 

used for approximating the actual energy demand as mentioned in §5.2 show the same peaks (21,5°C 

and 26,5°C). 

 Triangulation increases the reliability of the defined probability in the probability-impact analysis, as it is 

currently based on the insights of one person. Triangulation combines qualitative and quantitative data 

of various sources in a single study design, increasing the reliability. 

 

Corrective actions, user presence and occupancy 

 The users activity as observed in this research are specific valid for isolation rooms in EMC Sophia. 

Possible different results are visible in research on other functions, buildings or complexes. 

 The results of the observations on users activity illustrates the frequently occurring activities at fixed 

times. Activities of stochastic nature, as for example parents who are entering or leaving the room are 

not illustrated in the figures. 

 

Corrective actions, room model (ACH) 

 The room model assumes that maintenance (e.g. changing filters and controlling and cleaning ducts), 

cleaning, hand washing and changing clothing are performed according to the currently valid protocols. 

If in reality the protocols are performed deviating from this optimal situation, it negatively influences the 

room model. 

 Uncertainties in human behaviour and their impact on the performance of the environment are not 

taken into account in this (static) room model. 

 The room model assumes that nursing employees are sufficient protected against infectious diseases 

(carrying protective clothing and respirators according to protocols). However, there is discussion about 

the high risk for nursing employees if they are exposed to high concentrations in the room if protocols 

are not followed correctly or if the ACH is lowered (increasing the concentration in the room). It is a 

medical discussion, beyond the scope of this technical research. 

 The contamination concentration in the room model is based on the three most common types of 

infectious diseases in children hospitals, although there exist much more other infectious diseases. 

Additionally, the exact particle transmission of these three common types of infectious diseases 

considered, can not be precisely predicted due to a lack of medical scientific research. Resulting in an 

uncertainty in the contamination concentration as used in the room model. 
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 The room model is accessed from a technical point of view, with implementation of important medical 

parameters. The model is (in medical terms): a model (still) based on insufficient evidence, and 

requires more detailed research. 

 The room model considers a patient source which does not move (located at a fixed point in the room), 

where in reality the patient is able to move throughout the room. 

 

Susceptibility, temperature and vapour pressure (room model) 

 The room model neglects the fact that exposure to infectious pathogens does not necessarily lead to 

infection, as the susceptibility of each individual person which is exposed to pathogens, is variable. The 

infectious pathogens generated by a person is considered constant, at a maximum value to simulate 

the worst case scenario. The standard deviation is for some diseases much lower. The generation rate 

will decrease with time and depends on the course of the disease and the treatment process. 

 

Temperature and vapour pressure 

 Temperature and vapour pressure are not taken into account in the model, but may influence the 

distribution and infectivity of quanta. The temperature in the room is assumed to be evenly distributed, 

although temperature differences in the room can result in large exchange of air flows in the room or 

between rooms when doors open. Resulting in more eddies which can result in higher local 

contamination concentrations. The model does not address the problem of controlling temperature in 

the room to provide thermal comfort, if the ACH is lowered. However, lower air volumes can contribute 

to a more uniform distribution of temperature in the space, as large air volumes can offset more eddies 

which can contribute to higher local air velocities and effect the temperature gradient (a more uniform 

distribution). 

 Droplet evaporation and thus the size of particles is influences by the humidity of the air. Droplets in dry 

air evaporate more quickly, which result in reduced size and remain suspended in the air for longer 

times, before falling on the ground. Influences of this phenomena are not taken into account. Only the 

relative humidity is measured during the measurements. It is concluded that these values were stable 

within a bandwidth of approximately 0,5%. In addition, the airflow patterns of droplets are affected by 

the size of the droplets. This point is also eliminated considering the worst case scenario in the room 

model. 

 

Energy reduction potential 

 The room model is useful for other functions in other buildings, in contrast to the magnitude of the 

energy reduction potential, which is only valid for the case study isolation rooms in EMC Sophia.  

 The model used for accessing the energy reduction potential is not a validated model. But, if the Vabi 

Elements simulation and the energy reduction potential model results are compared, they show 

quantitative similarities. 

 The theoretical reduction potential has practical limitations, as the energy reduction it is still not 

realisable due to the (still) insufficient evidence based risk of infection transmission. 

 The measurements are not significant, as a relative short measurement period is used for assessing 

the energy reduction potential in the isolation rooms. It is possible that during the weeks of 

measurements extreme (not occupied or isolation patient) occupancy occurred. Potential fluctuating 

occupancy and presence during for example epidemics (influenza) depends on the seasons and 

require a measurement period that rises over the seasons. A consequence of such an epidemic are 

higher occupancy patterns. 

 A limited number of isolation rooms are measured for accessing the energy reduction potential. 

Isolation rooms which are used most commonly are used for the measurements, resulting in possible 

higher energy reduction potential in the other (not measured) isolation rooms. 

 For determining the energy reduction a summer period is considered, which indicates other results 

than a winter period. Through lower temperatures, the expectation for this research on the energy 

reduction potential in the winter period, is a higher energy consumption (and thus reduction) for 

isolation rooms.  

 Creating support for energy reduction within the medical branch is challenging for engineers, as 

healthcare is not directly related to energy reduction and sustainability. Additionally, the primary task of 

medical care employees is healthcare, where patient’s safety is of social importance. For engineers is 

challenging to account for energy reduction measures related to the healthcare process, because 
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physicians are responsible for the patients and are in lead in the process. Additionally, physicians need 

many evidence based material to justify a ‘change’ to other physicians. 

 If lowering the ACH, the influences of the air supply on the gridselection need to be considered. 

 In the room model it is assumed that elimination of infectious particles caused by loss of viability, 

filtration, settling, and other mechanisms are small (not taken into account in model) compared with 

removal by ventilation. 

6.2 Conclusion 

With respect to the limitations of the research, the conclusion of the research is formulated in this 

paragraph. UMCs suffer from a lack of a consistent framework in order to define energy reduction 

potential. The Pareto analysis is assumed to be a useful method for energy reduction in UMCs. This 

hypothesis is tested with a five step approach, using a case study healthcare function in one of the 8 

UMCs in the Netherlands: EMC Sophia Rotterdam.  

 

1. Defined case study: largest energy consuming function 

Preliminary research in EMC outlined the energy consumption of different healthcare functions and 

assumed that isolation rooms have a high energy reduction potential compared to other healthcare 

functions, through relatively large amounts of isolation rooms. Additionally, their energy intensity due to 

continuous operation and large amounts of air flow, and the potential increasing number of isolation rooms 

in the future, emphasis this reduction potential.  

 

3.  Key Performance Indicators of the HVAC energy consumption in isolation rooms 

Literature, quantitative hand calculations, Vabi Elements simulations, and a qualitative probability-

impact analysis concluded large airflow, temperature and user presence and occupancy to be the 

dominant parameters of the energy demand in isolation rooms of EMC Sophia. The root causes of these 

Key Performance Indicators are insufficient founded requirements and absences of protocols. 

 

Large airflow 

Currently, large amounts of air supply sufficient fresh air to the isolation room, provide thermal comfort 

and remove odors, as mentioned in guidelines of the ‘Werkgroep Infectie Preventie’ (WIP). Comparing the 

ACH of four case study isolation rooms to the current WIP-requirements, the amount of air supply is much 

larger than the ventilation guidelines as mentioned in the WIP requirements. The amount of air supply can 

be reduced to the guideline values, however these recommendations for ventilation in isolation rooms 

seems not to be representative, as they are only focus on thermal comfort, removing odors and controlling 

temperature. This is remarkable, as the primary goal of ventilation in isolation rooms is removing airborne 

infectious particles generated by patients with infectious diseases, in order to prevent infection 

transmission. It is concluded that if the guidelines are representative, they are not sufficient scientifically 

founded. The origin and the rationale behind the guidelines is not accessible, and the reliability of the 

guidelines is verified using non-structured interviews.  

 

Interviews reveal that requirements should prescribe a defined flow of sufficient magnitude, stability 

and right direction instead of a pressure difference and ACH. It is concluded that the current value for ACH 

is an insufficient evidenced based value and is based on good practice resulting from the past, in which 

patients safety is ‘assured’. The root cause effect of the large amount of air supply is defined as: the 

patient safety is replaced by insufficient founded HVAC operation (ACH and pressure difference) , based 

on good practice, resulting in probably more energy consumption than needed for providing patients safety 

in isolation rooms. 

 

User presence and occupancy and temperature 

Accessing user presence and occupancy has potential for energy reduction, as it is shown that 

isolation rooms in EMC Sophia are rarely occupied and/or occupied by airborne infectious patients. From a 

seven week observation on user presence and occupancy it is concluded that rooms are often unoccupied 

or are being used for other patients than they are intended for (airborne isolation patients). Often 50% 

rooms are not occupied, and if occupied they are often used for other type of patients than airborne 

isolation patient (11% of airborne isolation patients, for which the HVAC system is initially designed). The 

amount of other types of patients are: non-isolation patients 21% and other type of isolation patients 11%.  
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This other presence and occupancy than airborne patients result in over conditioned rooms (as the 

ventilation system do not have to dilute infectious contamination), which leads to excessive HVAC energy 

consumption. 

The root causes of energy consumption through temperature influences and user presence and 

occupancy is identified as an absence of protocols. There are no protocols for temperature settings during 

or after hospitalization of patients. Existing protocols for hospitalization of patients in rooms describe type 

of diseases that require an isolation room hospitalization, but lacking of protocols for other type of patients.  

 

4.  Corrective actions 

It is concluded that the energy consumption can be reduced by lowering the ACH in the isolation 

rooms, taking the temperature setpoints, present and occupancy types of hospitalized patients into 

account. 

 

User presence and occupancy 

Interviews with nursing employees revealed that hospitalization of non-isolation patients or other type 

of isolation patients in isolation rooms is partially a random process, as many rooms are unoccupied. 

Patients are hospitalized close to the nursing station if multiple unoccupied rooms can be selected. There 

is little to no awareness of the energy intensity of the rooms. Field observations show potential for 

implementation of temperature setback in for example cleaning processes and protocols. 

 

Lowering ACH 

Based on a room model, the airflow through undefined cracks and gaps is identified as the most critical 

parameter for controlling infection transmission. According to these results it seems possible to reduce the 

ACH to <6 ACH (as the current requirements recommend), provided that medical care employees are 

sufficient protected if they are entering the contaminated area.  

According to literature, the air supply of not occupied rooms can be reduced to <1 ACH, and for non-

isolation patients the amount of air supply can be reduced to 100 m
3
/h as requirements for single 

bedrooms in order to provide comfort to the patient. 

From the fully mixed validation results it is concluded that lower ACH result in a more controllable 

situation of airborne particle distribution, as (in spite of the higher contamination concentration) the 

contamination concentration is more uniform distributed throughout the room. In this research, a lower 

ACH positively affects the requirement to properly contain or keep out contaminants. 

 

5.  Energy reduction potential isolation rooms in EMC Sophia and a useful framework for 

potential energy reduction in UMCs: the Pareto analysis method 

 

Magnitude of theoretical energy reduction potential 

Assessing the KPIs of the energy consumption in four isolation rooms, the theoretical energy 

consumption can be reduced by an average of 70%. According to the simulation model results, the actual 

energy supply of the four isolation rooms is 704, 445, 645 and 700 kWh per year. The theoretical HVAC 

energy demand of the rooms depends on the room and its usage, and is 54 to 87% lower than the actual 

supply. Resulting in a total theoretical energy reduction potential of 1751 kWh per year, for the four 

isolation rooms in EMC Sophia.  

 

Pareto analysis as useful method for energy reduction 

From the simulation model results it is concluded that the Pareto analysis is a useful method for 

efficiently accessing and defining energy reduction potential in isolation rooms in EMC Sophia. The 

majority of the energy consumption (70%) can be reduced accessing the KPIs defined by the Pareto 

analysis.  
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6.3 Recommendations and framework for future research 

Energy reduction potential solutions 

It is highly recommended to create more airtight isolation rooms in order to prevent the transmission of 

infectious diseases on the one hand, and reduce the energy reduction on the other hand. Additionally, 

solutions for supplying ventilation to the isolation rooms, based on the actual demand need to be 

considered by collaboration between technical and medical care employees. 

 

(WIP) requirements 

As the WIP requirements are a guidline for engineers during the design process of isolation rooms, it is 

recommended to address the WIP requirements, founded with evidence based research. 

 

Systematic approach for energy reduction (framework) 

This case study research showed the potential of energy reduction in isolation rooms. However, the 

obtained results can only be applied to the case study building, it is remunerative and recommended to 

repeat the research, in other functions of EMC or other buildings with complex HVAC systems. As it is has 

been shown that the defined Pareto analysis method is a useful approach for accessing energy reduction 

potential in function with a complex HVAC system. 

 

This research only focus on airborne infection, but that isn’t the only issue for the HVAC system. 

Ventilation design has also impact on the patient comfort, nursing practice, staff satisfaction, maintenance, 

finances, management and sustainability. It is recommended to take these aspects into account in future 

research. To make a rational selection that is most suitable, preferences between building operational (e.g. 

energy consumption) and organizational outcomes (e.g. potential of delayed direct care or nursing 

practice) have to be weighted. For this discussion making process, a Multi-Criteria analysis is 

recommended as a useful approach. 

 

Room model 

Future research on an acceptable implementation (as for example manual setback of ACH) of a 

lowered ACH with a more detailed model is recommended, in order to limiting the risk of infection 

transmission. Medical care providers should agree with the implementation. 

It is recommended to enhance the room model with detailed and complex mechanisms (like viability of 

pathogens, infectivity of the pathogen source, transport characteristics of aerosols and susceptibility of 

those who are in the contaminated areas). An enhanced model provides more certainty on infection 

transmission. Viability of pathogens depend on the microbial behaviour like survival and evaporation. More 

research on the particle size cut-off at which pathogen transmission changes from exclusively droplet to 

the airborne regime is recommended. Infectivity of the pathogen source changes with time (due to the 

clinical disease of the patient) and environmental conditions, influencing risk estimates and the ventilation 

design. It is recommended to review other patients locations than only the bed-location as people move 

throughout the room. And to assess the type of host emissions (e.g. cough, sneeze).  

Besides, aerosols’ transport characteristics are size-dependent and are highly affected by the airflow 

pattern. Ventilation airflow pattern could have significant impact on the transport and spatial distribution of 

virus-laden aerosols, which could consequently influence the transmission. More research on this topic is 

recommended. 

Finally, it is recommended to consider uncertainties (in the room model), as for example: employees 

which do not comply to protocols (as hand disinfection procedures or clothing). 
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Appendices 

I. Specifications of case study 

Tabel I-1 – Overview of AII/PE rooms of the 1
st
 and 2

nd
 floor of Erasmus MC Sophia. 

The rooms are located in two different departments (oncology/hematology and 
medium care/high care). In the rooms marked with 

1
, the performance measurements 

took place. The tracer gas measurements took place in rooms marked with 
2
. 

Room 
number 

MC/HC General 
surgery 

Room 
number 

HEPA Oncology / 
hematology 

MC/HC 

Sk-1120  X Sk-2138   X 
Sk-1164  X Sk-2148 X  X 
Sk-1166  X Sk-2150

2 
X  X 

Sk-2108
1 

X  Sk-2152   X 
Sk-2110

1 
X  Sk-2162

1 
 X  

Sk-2120 X  Sk-2164
1 

X X  
Sk-2134

2 
X  Sk-2166 X X  

Sk-2136 X  Sk-2176  X  
 

 

1-bedsr.

Sk-2128

1-bedsr.

Sk-2130

1-bedsr.

Sk-2132

Isol r.

Sk-2134

Isol r.

Sk-2136

Isol r.

Sk-2138

Isol r.

Sk-2148

Isol r.

Sk-2150

Isol r.

Sk-2152

1-bedsr.

Sk-2154

1-bedsr.

Sk-2156

1-bedsr.

Sk-2158

Medicine

Rinse 

room

storage

Waste 

storage

Treatment

room

Clean linens

Office Office

Nursing 

desk

CorridorCorridor

 

Figure I-1 – Overview of one part of the 2
nd

 floor in the Sk-building of Erasmus MC Sophia, department medium care/high care. 
In red marked the case study isolation rooms. The other isolation rooms located at the 1st and 2nd floor are equal to this 
situation. 

Table I-2 – Building, system and user specifications of isolation rooms in 
Erasmus MC Sophia. 
Specifications case study 

Building characteristics 

Year of construction 1993 
Floor area isolation rooms 15,9 m

2 
(all rooms as specified in Table 2-1) 

Local HVAC system 

Room conditioning All air system (HEPA filtrated plenum CAV, or 
swirl diffuser), (recirculation) and local heating 
coil 90 – 70 °C. 

HVAC control 
 
Air supply air handling unit 

Set point temperatures: 21,5 – 26,5 °C 

Relative humidity: 40 – 60% 

14 – 16 °C 

Users 

Function Healthcare 
Occupancy 1 person 
 

 

Anteroom
Combined AII/

PE room Sanitary

H

+

Corridor Anteroom
Combined AII/

PE room Sanitary

+

Corridor

 
Figure I-2 – Schematic overview of HVAC system, HEPA 
filtrated isolation room. 

 Figure I-3 – Schematic overview of HVAC 
system, isolation room with pressurized air lock. 
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II. Input data hand calculations, Vabi Elements simulation and sensitivity analysis 

Appendix II-1 

- Hand calculations - 

Sources consulted to assess the input parameters for the hand calculation: 

 The Royal Netherlands Metrological Institute (KNMI), for the initial outside temperatures and solar 

radiation. For the initial temperature the average temperature (2004-2013) of July at location 

Rotterdam was used (19,2°C); 

 NEN-EN 12831 and NEN-EN 2916:1998 were consulted for the infiltration losses; 

 The air supply temperature was calculated using the following equation: 𝑇 =
𝑐∗𝑚1∗∆𝑇1+𝑐∗𝑚2∗∆𝑇2

𝑐∗𝑚𝑡𝑜𝑡𝑎𝑙
. Where 𝑇 

is the temperature in [°𝐶], 𝑐 is the heat capacity of the air, 𝑚1 is the amount of fresh air supply and 𝑚2 

is the amount of recirculated air, both in [𝑚3/ℎ]. 

 

- Hand calculations and Vabi Elements simulations - 

 The local HVAC system technical description of the case study was used to define the initial room 

temperature and is assumed to be the average room setpoint temperature (settable from 21,5 to 

26,5°C, average 24,0°C); 

 Validation reports of four isolation rooms in EMC were used for determining the air supply. The 

average values of the four isolation rooms were used as initial value for the air supply (509 m
3
/h). 

 For the building construction, materials and dimensions: drawings, ISSO publication 86, SBR building 

material specifications and NEN7120:2011 were used.  

 

Appendix II-2 

- Sensitivity analysis - 

The input parameters of the sensitivity analysis hand calculations and Vabi Elements simulations: 

 

Table II-2 – Input parameters of the hand calculations and Vabi Elements simulations. 

 
Principle Abbr. Unit Source 

Lower 
value 

Upper 
value 

Outside temperature             

Outside 
(hand calculations) 

19,2 
 

Te 
 

[⁰C] 
 

KNMI klimaatdata Rotterdam Juli 
2004 - 2013 

9,6 
 

29,3 
 

       Room temperature 
   

  
  Room 24 Ti,r [⁰C] RTO Sk2-OS2 dd. 25-07-'06 21,5 26,5 

Anteroom 
 

24 
 

Ti,a 
 

[⁰C] 
 

Temperature equal to room 
temperature 

21,5 
 

26,5 
 

Sanitary 
 

24 
 

Ti,s 
 

[⁰C] 
 

Temperature equal to room 
temperature 

21,5 
 

26,5 
 

Corridor 22,5 Ti,c [⁰C]  - 21 24 

Above lowered ceiling 
 

24 
 

Ti,cl 
 

[⁰C] 
 

Temperature equal to room 
temperature 

21,5 
 

26,5 
 

       Adjacent rooms 
temperature 
(horizontal) 

   
  

  Isolation room 24 Ti,or [⁰C] RTO Sk2-OS2 dd. 25-07-'06 21,5 26,5 
Anteroom 
 

24 
 

Ti,ar 
 

[⁰C] 
 

Temperature equal to room 
temperature 

21,5 
 

26,5 
 

Sanitary 
 

24 
 

Ti,os 
 

[⁰C] 
 

Temperature equal to room 
temperature 

21,5 
 

26,5 
 

Above lowered ceiling 
 

24 
 

Ti,ocl 
 

[⁰C] 
 

Temperature equal to room 
temperature 

21,5 
 

26,5 
 

       Adjacent room 
temperature (vertical) 

   
  

  Room underneath (1-
bedsr childr. general) 

22 
 

Ti,u 
 

[⁰C] 
 

Assumption baded on function 
 

20,0 
 

24,0 
 

Room above (IC-
multipleroom 
neonatology) 

24 
 
 

Ti,ab 
 
 

[⁰C] 
 
 

Assumption based on function 
 
 

21,5 
 
 

26,5 
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Air temperature   
  

  
  Air from AHU, room 

and anteroom 
18,810219 

 
Tair,s 

 
[⁰C] 

 
RTO Sk2-OS2 dd. 25-07-'06 
 

18,2 
 

19,4 
 

Air return from room 
and anteroom 

24 
 

Tair,r 
 

[⁰C] 
 

Temperature equal to room 
temperature 

21,5 
 

26,5 
 

       Air specifications 
   

  
  Density air 1,25 ρ [kg/m³] Conform KNMI 1,2 1,293 

Heat capacity 
 

1 
 

cp,air 
 

[KJ/kg.K] 
 

Conform college TU/e Gaswet & 
Mollier 

1,0 
 

1,006 
 

Air volume (fresh air) 700 Vf [m³/h] 
Conform drawing Sk025875131 dd. 
23-03-'93 500 1000 

       Air leakage 
   

  
  Air leakage room at 

∆P = 7,5 Pa 
115 

 
qv;7,5 

 
[m³/h] 

 
Validation report Intermicon dd. 10-
08-'13 

 

35,0 
 

Air leakage anteroom 
at ∆P = 7,5 Pa 

110 
 

qv;7,5 
 

[m³/h] 
 

Validation report Intermicon dd. 10-
08-'13 

- 
 

- 
 

       Infiltration 
 

  
 

  
  Infiltration at 10 Pa 220*10^-5   [m³/(s.m²) Conform  NEN-EN 12831 0,000163 0,000091 

Qv10;kar / Ag;sec > 1,0   [dm³/(s.m²) Conform NEN 2916:1998 
  Building height 

 
20 
   

[m] 
 

Conform drawing SkA021BR dd. 
01-01-'94 

   

Table II-3 – Material properties, input in hand calculations. 

 
Principle Abbr. Unit Source 

Lower 
value 

Upper 
value 

Floor and ceiling   0,9 U  [W/m
2
.K]  Calculated 1/Rc  0,9 0,9 

 1,12 Rc [m
2
.K/W] Calculated d/λ 1,10 1,14 

Transfer resistance 0,13 Ri [m
2
K/W] ISSO publicatie 86 0,13 0,13 

Finishing floor 
 

0,05 
0,16 

dff 

λff 
[m] 

[W/m.K] 
Drawing SkA021BR dd. 01-01-‘94 
SBR bouwmaterialen, ekobouwadvies 

0,05 
0,16 

0,05 
1,18 

Compressed 
reinforced concrete 

0,25 
2,3 

dcrc 

λcrc 
[m] 

[W/m.K] 
Drawing SkA021BR dd. 01-01-‘94 
SBR bouwmaterialen ekobouwadvies 

0,25 
2,38 

0,25 
2,13 

Air 0,15 Rc,air [m
2
K/W] SBR bouwmaterialen, ekobouwadvies 0,15 0,15 

Suspended ceiling 
 

0,02 
0,036 

dsc 
λsc 

[m] 
[W/m.K] 

Drawing SkA021BR dd 01-01-‘94 
SBR bouwmaterialen, ekobouwadvies 

0,02 
0,037 

0,02 
0,035 

Transfer resistance 0,13 Ri [⁰C] ISSO publicatie 86 0,13 29,3 

       Partition walls 1,4 U [W/m
2
.K]  Calculated 1/Rc  1,4 1,5 

 0,7 Rc [m
2
.K/W] Calculated Ri + 1/U + Ri 0,7 0,7 

Transfer resistance 0,13 Ri [m
2
.K/W] ISSO publicatie 86 0,13 0,13 

Aluminium incl. frame 2,2 Ual [W/m
2
.K] Conform NEN7120:2011 2,2 2,4 

Transfer resistance 0,13 Ri [m
2
.K/W] ISSO publicatie 86 0,13 0,13 

       Intermediate walls 3,0 U [W/m
2
.K]  Calculated 1/Rc  2,9 3,1 

 0,33 Rc [m
2
.K/W] Calculated d/λ 0,34 0,32 

Transfer resistance 0,13 Ri [m
2
.K/W] ISSO publicatie 86 0,13 0,13 

Limestone 0,10 dlm [m] Drawing SkA021BR dd 01-01-‘94 0,10 0,10 

 1,44 λlm [W/m
2
.K] SBR bouwmaterialen, ekobouowadvies 1,25 1,63 

Transfer resistance 0,13 Ri [m
2
.K/W] ISSO publicatie 86 0,13 0,13 

     
  Solid facade 0,4 U [W/m

2
.K]  Calculated 1/Rc  0,3 0,5 

 2,7 Rc,pcp [m
2
.K/W] Conform NEN7210:2011 2,9 2,2 

Transfer resistance 0,4 Re [m
2
.K/W] ISSO publicatie 86 0,04 0,04 

Prefab concrete 
panels 

2,5 
 

Rc,pcp 

 
[m

2
.K/W] 
 

 
Conform NEN7120:2011 
 

2,7 
 

 
2,0 

 

Transfer resistance 0,13 Ri [m
2
.K/W] ISSO publicatie 86 0,13 0,13 
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Transparant facade 1,6 U [W/m
2
.K]  Calculated 1/Rc 1,5 1,7 

 0,6  [m
2
.K/W] Calculated Re + 1/U + Ri 0,7 0,6 

 0,04 Re [m
2
.K/W] ISSO publicatie 86 0,04 0,04 

 2,2 Uwf [m
2
.K/W] Conform NEN7210:2011 2,0 2,3 

 0,13 Ri [m
2
.K/W] ISSO publicatie 86 0,13 0,13 

     
  Aluminium façade 1,7 U [W/m

2
.K]  Calculated 1/Rc 1,6 1,7 

 0,6 Rc [m
2
.K/W] Calculated Re + 1/U + Ri 0,6 0,6 

Transfer resistance 0,04 Re [m
2
.K/W] ISSO publicatie 86 0,04 0,04 

Aluminium incl. frame 2,3 Uaf [m
2
.K/W] Conform NEN7210:2011 2,2 2,4 

Transfer resistance 0,13 Ri [m
2
.K/W] ISSO publicatie 86 0,13 0,13 
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III. Manual counting scheme user presence and occupancy 

 

Pre-observation presence and occupancy isolation rooms 

 Not occupied Used by 
non-isolation patient 

Used  by 
isolation patient 

Sk-2176 A, G B, C, H D, E, F, I 
Sk-2166 HEPA A, D, E, H, I B, F, G C 
Sk-2164 HEPA C, G, H D, E A, B, F, I 
Sk-2162* A, B, I  C, D, E, F, G, H 
Sk-2152 A, B, C, D, E, F, G, H, I   
Sk-2150 HEPA A, B, C, D, E, F, G, H, I   
Sk-2148 HEPA A, B, C, D, E, F, G, H, I   
Sk-2136 A, B, C, D, E, F, G, H, I   
Sk-2138 A, B, C, D, E, F, G, H, I   
Sk-2134 A, C, D, E, F, G, H, I B  
Sk-2120 C, H G A, B, D, E, F, I 
Sk-2110 D, E B, C, I A, F, G, H 
Sk-2108 C, D, E, G, H, I A, B, F  
Sk-1166 B, D, F, G A, C, E, I H 
Sk-1164 C, D, E, H, I F, G A, B 
Sk-1120  C, D, E, F, G, H, I A, B 

A = 30/06/2014/14:30,      B = 02/07/2014/18:00,      C = 04/07/2014/13:30, 
D = 07/07/2014/08:00,      E = 08/07/2014/12:00       F = 08/07/2014:16:00 
G = 10/07/2014/11:15       H = 11/07/2014/10:30,      I = 14/07/2014/17:30 
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IV. Observation scheme user presence and occupancy 

Date Presence 
[yes/no] 

Type occupancy 
[isolation 
non-isolation] 

Date Presence Type occupancy 
[isolation/ 
non-isolation] 

15/07 12:00 17:15 12:00 17:15 18/07 14:00 - 14:00 - 

Room     Room     

Sk-1120 Y Y C C Sk-1120 N - - - 

Sk-1164 Y Y NI NI Sk-1164 Y - NI - 

Sk-1166 Y Y C C Sk-1166 Y - C - 

Sk-2108 Y Y C-D C-D Sk-2108 Y - S - 

Sk-2110 Y Y NI NI Sk-2110 N - - - 

Sk-2120 Y Y NI NI Sk-2120 Y - NI - 

Sk-2134 N N - - Sk-2134 N - - - 

Sk-2136 N N - - Sk-2136 N - - - 

Sk-2138 N N - - Sk-2138 N - - - 

Sk-2148 HEPA N N - - Sk-2148 HEPA N - - - 

Sk-2150 HEPA N N - - Sk-2150 HEPA N - - - 

Sk-2152 N N - - Sk-2152 N - - - 

Sk-2162 Y Y S S Sk-2162 Y - S (VRE) - 

Sk-2164 HEPA Y Y P P Sk-2164 HEPA Y - P - 

Sk-2166 HEPA N Y - C Sk-2166 HEPA Y - C - 

Sk-2176 N N - - Sk-2176 N - - - 

16/07 09:15 16:30 09:15 16:30 19/07 09:00 14:00 09:00 14:00 

Sk-1120 Y Y C C Sk-1120 N - N - 

Sk-1164 Y Y NI NI Sk-1164 Y Y NI NI 

Sk-1166 Y Y C C Sk-1166 Y Y C C 

Sk-2108 Y Y C-D C-D Sk-2108 N - N - 

Sk-2110 N N - - Sk-2110 Y - NI - 

Sk-2120 Y Y NI NI Sk-2120 N - N - 

Sk-2134 N N - - Sk-2134 N N - - 

Sk-2136 N N - - Sk-2136 N N - - 

Sk-2138 N N - - Sk-2138 N N - - 

Sk-2148 HEPA N N - - Sk-2148 HEPA N N - - 

Sk-2150 HEPA N N - - Sk-2150 HEPA N N - - 

Sk-2152 N N - - Sk-2152 N N - - 

Sk-2162 Y Y S S Sk-2162 Y Y S (VRE) S (VRE) 

Sk-2164 HEPA Y Y P S Sk-2164 HEPA Y Y P P 

Sk-2166 HEPA Y Y C C Sk-2166 HEPA Y Y   

Sk-2176 N N - - Sk-2176 N N - - 

17/07 17:00  17:00  20/07 12:00 18:00 12:00  

Sk-1120 N - - - Sk-1120 Y Y N N 

Sk-1164 Y - NI - Sk-1164 Y Y N N 

Sk-1166 Y - C - Sk-1166 Y Y C C 

Sk-2108 Y - S - Sk-2108 Y Y N N 

Sk-2110 N - - - Sk-2110 Y Y S S 

Sk-2120 Y - NI - Sk-2120 Y Y C-D C-D 

Sk-2134 N - - - Sk-2134 N N - - 

Sk-2136 N - - - Sk-2136 N N - - 

Sk-2138 N - - - Sk-2138 N N - - 

Sk-2148 HEPA N - - - Sk-2148 HEPA N N - - 

Sk-2150 HEPA N - - - Sk-2150 HEPA N N - - 

Sk-2152 N - - - Sk-2152 N N - - 

Sk-2162 Y - S - Sk-2162 Y Y S S 

Sk-2164 HEPA Y - P - Sk-2164 HEPA Y Y P P 

Sk-2166 HEPA Y - C - Sk-2166 HEPA Y Y P P 

Sk-2176 N - - - Sk-2176 N N - - 

 
C = contact 
C-D = contact droplet 
N = no 
NI = non-isolation patient 
P = Protective 
S = Strict 
Y = yes 
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V. Differential equation concentration contamination 

𝑑𝐶𝑖 =  
𝜑

𝑉
∗ (

𝑆−(𝜑𝑟 ∗ 𝐶𝑟)

𝜑
−  𝐶𝑖) 𝑑𝑡   

 

∫
𝑑𝐶𝑖

𝑆−(𝜑𝑟 ∗𝐶𝑟)

𝜑
−𝐶𝑖

𝐶𝑖

0
=  ∫

𝜑

𝑉
∗ 𝑑𝑡

𝑡

0
        

 

[−ln (
𝑆 − (𝜑𝑟 ∗ 𝐶𝑟

𝜑
− 𝐶𝑖)]

0

𝐶𝑖

=  [
𝜑 ∗ 𝑡

𝑉
]

0

𝑡

 

 

 

−ln (
𝑆 − (𝜑𝑟 ∗ 𝐶𝑟)

𝜑
− 𝐶𝑖) + ln (

𝑆 − (𝜑𝑟 ∗ 𝐶𝑟)

𝜑
− 0) =

𝜑 ∗ 𝑡

𝑉
 

 

ln (
𝑆 − (𝜑𝑟 ∗ 𝐶𝑟)

𝜑
− 𝐶𝑖) − ln (

𝑆 − (𝜑𝑟 ∗ 𝐶𝑟)

𝜑
− 0) = −

𝜑 ∗ 𝑡

𝑉
 

(
𝑆 − (𝜑𝑟 ∗ 𝐶𝑟)

𝜑
− 𝐶𝑖)

(
𝑆 − (𝜑𝑟 ∗ 𝐶𝑟)

𝜑
)

=  𝑒−
𝜑∗𝑡

𝑉  

(
𝑆 − (𝜑𝑟 ∗ 𝐶𝑟)

𝜑
− 𝐶𝑖) =  (

𝑆 − (𝜑𝑟 ∗ 𝐶𝑟)

𝜑
) ∗ 𝑒−

𝜑∗𝑡
𝑉  

−𝐶𝑖 = − (
𝑆 − (𝜑𝑟 ∗ 𝐶𝑟)

𝜑
) + (

𝑆 − (𝜑𝑟 ∗ 𝐶𝑟)

𝜑
) ∗ 𝑒−

𝜑∗𝑡
𝑉  

𝐶𝑖 = (
𝑆 − (𝜑𝑟 ∗ 𝐶𝑟)

𝜑
) − (

𝑆 − (𝜑𝑟 ∗ 𝐶𝑟)

𝜑
) ∗ 𝑒−

𝜑∗𝑡
𝑉  

𝐶𝑖 = (
𝑆 − (𝜑𝑟 ∗ 𝐶𝑟)

𝜑
) ∗ (1 − 𝑒−

𝜑∗𝑡
𝑉 ) 
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VI. Measurement specifications of tracer gas technique 

 

Properties CO2 tracer gas 

Molecular weight 44.01 

Critical temperature 31,1°C 

Gas density 1,976 kg/m
3 

 

Injected tracer gas 

𝐶𝑖 = (
(𝜑𝑠 ∗ 𝐶𝑒 ∗ 10−6) +

𝑆
60

𝐶𝑒 ∗ 10−6 + 𝑆
) ∗ (1 − 𝑒−

(𝜑𝑠+
𝑆

60
)∗𝑡

𝑉 ) + 𝐶𝑖(0) ∗ (
(𝜑𝑠 +

𝑆
60

) ∗ 𝑡

𝑉
) 

 

With: 

 𝐶𝐼 = 𝐶𝑜𝑛 

 𝜑𝑠 = 𝐹𝑟𝑒𝑠ℎ 𝑎𝑖𝑟 𝑠𝑢𝑝𝑝𝑙𝑦 [𝑚3/ℎ]; 

 𝐶𝑒 = 𝐶𝑂2 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑢𝑡𝑠𝑖𝑑𝑒 𝑎𝑖𝑟 𝑎𝑡 𝑠𝑡𝑎𝑟𝑡 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 [𝑝𝑝𝑚]; 

 𝑆 =  𝐶𝑂2 𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑏𝑜𝑡𝑡𝑙𝑒 [𝑙/𝑚𝑖𝑛]; 

 𝑉 = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑟𝑜𝑜𝑚 [𝑚3]; 

 𝑡 = 𝑡𝑖𝑚𝑒 [𝑠]; 

 

Table V-1 –  

Measurement Air 
changes 
per hour 
[ACH] 

Fresh air 
Supply (𝜑𝑠) 

[m
3
/h] 

CO2 concentration outside 
air at start measurement (𝐶𝑒) 

[ppm] 

CO2 injection 
from bottle (𝑆) [l/min] 

   Start End  

1  13,2 589 352 352  6,4 
2  12,0 535 357 356  5,7 
3  11,0 491 360 359  5,2 
4  9,6 429 362 362  4,6 
5  8,2 365 359 359  3,9 
6  7,2 321 353 352  3,5 
7  6,0 268 359 358  2,9 
8  5,1 225 357 357  2,4 
9  4,0 177 353 354  1,9 

10  3,1 136 337 338  1,5 

 

Bandwidth CO2 recorders 

Recorder Bandwidth 
[ppm] 

x1 0-2000 
x2 0-5000 
x3 0-5000 
x4 0-5000 
x5 0-5000 
x6 0-5000 
x7 0-2000 
x8 0-2000 
x9 0-2000 

x14 0-5000 
x10 0-5000 
x11 0-5000 
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VII. Validation results CO2 measurements 

Figure VII-1, in which ‘x1 to x 11’ equals the recorders as designated in Figure 4-25 and Figure 4-26. 

All recorders following the same curve, but deviate mutually in concentration. The recorders used for the 

validation measurements have bandwidth from 0 – 2000 ppm and 0 – 5000 ppm, depending on the type of 

recorder (Appendix V). For the validation of the recorders the bandwidth between 0 – 2000 ppm is used, 

and designated with ‘A’ in Figure VII-1. 

 

 
Figure VII-1 – Measured CO2 concentrations of the 12 recorders, during 
the validation measurement of the recorders.   

 

 
Figure VII-2 – Absolute deviation of the 12 CO2 recorders. The deviation 
is compared to the average concentration of the 12 CO2 recorders per 
unit of time. 
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VIII. HAMBase/Simulink model input 

  

Model input 
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function [Tset,Local,Pheat,Pcool,Phum]= tempcontrol(Occ,Tmeas,Ti,Te,Rhe) 

  

%Determine Tset 

if Occ>0; 

    Tset=Tmeas; 

else 

    Tset=20; 

end 

  

%Determine Flow 

if Occ==2; 

    Flow=450;       % [m3/h] 

elseif Occ==1; 

        Flow=100;   % [m3/h] 

    else 

        Flow=50;    % [m3/h] 

end 

  

%Determine P_AHU 

h_in=39.1;      % [kJ/kg] with 16C/80% 

h_deh=35,9;     % [kJ/kg] with 12C/100% 

A_in=9;         % [g/kg] moisture content after AHU 

  

A=6.089613; 

m=7.33502; 

Tn=230.3921; 

C=2.16679;      % [gK/J] constant for A_ex 

  

Pws= A*(10.^((m*Te)/(Te+Tn))); 

Pw=Pws*Rhe/100; 

X=621.9907*(Pw/(1013-Pw)) 

  

A_ex=C*((Pw*100)/(271.15+Te))*1,2;% [g/kg] absolute humidity external 

h_ex=Te*(1.01+0.00189*X)+2.5*X; % enthalpy external 

  

Pcool=0; 

Pheat=0; 

Phum=0; 

  

if Te>16; % always cools first to 12C en 100% 

    Pcool=(h_ex-h_deh)*(Flow/3000); % First cooled and dehumidified by cooling 

battery 

    Pheat=(Flow/3000)*4; % air must be heated 4C after cooling 

    Phum=0; 

elseif Te<10; 

    dT=16-Te; %[C] difference between outdoor and desired temperature 

    Pheat=(Flow/3600)*1,2*dT*(1-0.6);  %airflow * dT * (1 - heat recovery) 

    Phum=(A_ex-A_in)*(Flow/3600)*1,2*2249/0,9; % Watercontecnt * massflow * 

evaporation value and 90% efficiency 

else 

    % only humidification 

    Phum=(A_ex-A_in)*(Flow/3600)*1,2*2249/0,9; % Watercontecnt * massflow * 

evaporation value and 90% efficiency 

    Pheat=0; 

    Pcool=0;  

end 

         

%Determine local heating and cooling based on occupancy and ventilation 

Pvent=(Tmeas-16)*(Flow/3600)*1200; % [W] dT * m * C 

  

if Occ>0; 

    Local=100-Pvent; 

else 

    Local=0-Pvent; 

end 
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IX.  Measurement specifications of actual HVAC system operation 

 

Anteroom

Combined 
AII/PE room Sanitary

H

+

Corridor

A1                     A2

P1                     P2

F4                             F5                             F6

F1
BMS      TRV3

TRV1 TRV2

 
Figure VI-1 – HEPA filtrated isolation room. All air system 

 

Anteroom

Combined 
AII/PE room Sanitary

+

Corridor

A1                     A2

P1                     P2

F2                             F3                             F4

F1

BMS      TRV3

TRV1           TRV2

 
Figure VI-2 – Pressurized isolation room 

 

  



     Master thesis I. (Ilse) Schoenmakers 

Technische Universiteit Eindhoven University of Technology 

   
 

79 
 

 X.  Information for patients during measurements 

 

Geachte medewerkers, 

 

Ten behoeve van mijn afstudeerproject is in kamer Sk-2110 meetapparatuur geïnstalleerd. Deze meetapparatuur 

zal vanaf 14-8-2014 tot 5-9-2014 het functioneren van de isolatiekamers, het comfort voor de patiënt en risico’s 

op infectieverspreiding inzichtelijk maken. Dit formulier laat zien welke meetapparatuur voor u zichtbaar is en op 

welke wijze met deze apparatuur omgegaan dient te worden om de metingen goed te laten verlopen. In de 

kamer zijn een aantal meetsensoren zichtbaar: 

 

 Een temperatuur / relatieve vochtigheidsmeter 

Deze meter hangt op ooghoogte naast het bed van de patiënt. 

 

Geen gebruikseisen gesteld. 

 

 

 

 

 

 Een slangetje voor de drukverschilmeting 

Dit slangetje hangt bij de deurdoorgang van de gang naar de sluis. 

Voor het goed uitvoeren van de meting is het geen probleem dit slangetje te 

verplaatsen/losmaken van het kozijn voor bijvoorbeeld het verplaatsen van een bed. Let er wel 

op dat het uiteinde van het slangetje aan de gangzijde van de deur hangt, nadat het 

slangetje is verplaatst/losgemaakt van het kozijn. 

 

 Een usb data kabel 

Deze kabel hangt boven het aanrecht in de sluis of aan de gangzijde boven de deur. 

 

Geen gebruikseisen gesteld. Deze kabel is bedoeld om data op te halen uit een (niet 

zichtbare) geïnstalleerde logger. 

 

 

 Een stroomkabel ingeplugd in een stopcontact 

Deze kabel hangt in de sluis en is ingeplugd in de sluis 

 

Zeer belangrijk is dat deze kabel niet uit het stopcontact wordt 

gehaald. Dit is de stroomkabel van de datalogger. Bij uittrekken van deze 

kabel gaan de meetgegevens verloren. 

 

 

 

 

 Uitlezen meetgegevens 

Om de 2 dagen worden de meetgegevens handmatig uitgelezen. 

 

- U kunt gewoon doorgaan met uw dagelijkse werkzaamheden. 

- De patiënt kant in de kamer blijven. 
 

 

 

Ik wil jullie allemaal hartelijk bedanken voor de medewerking. Mochten er vragen/opmerkingen zijn, 

schroom niet contact op te nemen. Ilse Schoenmakers T 06 15 26 56 94 | E  i.schoenmakers@erasmusmc.nl 
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