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ABSTRACT 

The present study focuses on the analysis of central steam plants in hospital facilities since one of the 

possible measures to reduce energy consumption on hospital buildings is to reduce the need for centralized steam 

production. The steam is used for air humidification, sterilization, hot water, and services. Nevertheless, reduction 

in the use of steam for such processes is encouraged, as its production demands a great amount of energy, fossil fuel 

(e.g. natural gas) and CO2 emissions. Besides the high energy consumption for its production, there are significant 

losses due to the long pipe network. The uses of steam in hospital buildings and its possible alternatives are 

investigated through literature research. 

The aim of this study is to investigate the energy-saving potentials of reducing steam consumption applied 

to a case study. The case study is the University Medical Center of Utrecht (UMCU), which by recent legislation needs 

to reduce its energy consumption and CO2 emissions in the near future. The steam is produced by a central energy 

plant with natural gas as the main energy source. Large amounts of natural gas and CO2 emissions result from steam 

production. For the UMCU case study, nearly 29% of the total amount of natural gas and 14% of the total CO2 

emissions of the hospital complex result from the steam production.  

 In order to have an insight on which are the most significant steam consumers on the complex, a Pareto 

analysis is performed. The analysis highlighted the air moisturization and distribution losses as the main factors for 

the high energy consumption levels. Subsequently to these findings, the research focus on the hospital’s main 

consumer: the air humidification. The first step is to better understand the role of air humidification has in hospital 

environments. Literature study and contact with hospital experts were carried on for this purpose. Following this, 

energy-saving scenarios were created based on the possible alternatives for the main steam consumer. Strategies 

such as reducing the relative humidity set point levels, reducing the area which receives humidified air and changing 

the current isothermal humidification to adiabatic systems have been evaluated.  

The evaluation was derived by the Kesselring method which evaluates both functional and realizable 

aspects of the possible strategies. Alongside the energy savings and the CO2 emissions reduction, other aspects as 

investment costs and time constraints had to be taken into account. In general, it can be concluded that reducing air 

humidification in the majority of the building's functions is the best option in the short-term and financially, with 

the potential to reduce by half the current energy consumption associated with air humidification. In the long-term, 

when needed due to possible stricter regulations, applying localized adiabatic humidification systems in key 

hospital areas such as operating rooms, isolation rooms, and intensive care units is the most optimal solution, which 

could lead to an energy reduction of more than 70%. Reducing the demand for steam on its main consumer and 

changing the centralized steam production to a localized system, the losses of the steam installations could be 

consequently minimized.  
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1 INTRODUCTION 

1.1 Project background 

The need for (nearly) Zero Energy Buildings (nZEBs) is a growing concern due to climate change, increasing 

energy prices and scarcity of fossil fuels. The European Union has launched the Energy Performance Building 

Directive which gives a general definition for nZEBs (EU, 2010), to define goals and oblige the Member States to 

apply energy reduction measures within the built environment in the near future (2020-2050). The Dutch 

government has published the National Plan to promote nZEBs (Rijksoverheid, 2012) describing the national plan 

to reduce energy consumption in the built environment.  

More recently, the Paris Agreement, which was ratified and enforced in November 2016 (UNFCCC), has 

determined contributions to all participating nations in order to achieve the set long-term goals to reduce CO2 

emissions and adapt to the impacts of climate change. Under the Paris Agreement, each country has agreed to 

pursue national mitigation measures, with the aim of achieving the objectives of such contributions. Consequently, 

the Dutch government launched new proposals such as the Climate Act and the National Climate Agreement 

(Climate Council, 2019) which aims at a substantial reduction in greenhouse gas emissions by 2030 (49%) and 2050 

(95%), when compared to 1990 levels. The built environment in the Netherlands is a great contributor to the overall 

energy consumption; according to IEA statistics, the sector has 46% of the total energy consumption share in 2016 

(IEA).  The measures of the National Climate Agreement in the building sector aim to enhance energy efficiency by 

no longer enabling new buildings to be heated with natural gas and improving the existing building to fossil-free 

heating production.  

Previous statistics research (Ministerie van Volkshuisvesting, 2010) shows that the health care sector is 

responsible for 1.64% of total energy consumption in the Netherlands. In this context, the Dutch University Medical 

Centers (UMCs) consume approximately 64% of the healthcare demand (Ministerie van Volkshuisvesting, 2010). 

The UMCs have a growing concern to fulfill the nZEBs requirements due to legislation. In this context, Royal 

HaskoningDHV (RHDHV) company, in cooperation with Eindhoven University of Technology (TU/e), has initiated 

a program named nZEB Hospital, in which several studies are being conducted with the goal of determining possible 

energy and technical measures for improvements in those buildings.  

One of the many possibilities to decrease the energy consumption of hospitals is to re-evaluate the role 

steam plays in this environment. Steam use is a widespread method through many healthcare facilities. Since steam 

is considered a sterile medium, it can be used in hospitals for many different purposes, such as air moisturization, 

autoclaves, space and water heating, kitchen boilers and laundry. According to the TNO report (2019), 

approximately 20-60% is used for air humidification, whereas 30% of the total gas consumption of the steam boilers 

are lost. The remaining part of the steam production is used for other purposes, such as sterilization and food 

preparation.  

However, steam production requires the use of large amounts of energy which comes from an external heat 

source. According to the UK Department of Health (2013), approximately 80% of the energy used in a boiler is used 

to provide the necessary latent heat to produce steam, whereas 20% is attributed to raising the feedwater to boiling 

point.  Therefore, using steam to provide fundamental healthcare services is a significant contributor to the overall 

energy bill. The quality and performance of the humidification equipment, when needed by regulation, should be 

evaluated.  



8 
 

In hospitals, air humidification by steam has traditionally been used as part of the air treatment installation. 

The main arguments for this are the prevention of nosocomial infections, patients and staff comfort, safety 

(electrostatic discharges) and maintaining equipment good functioning. Such a form of air humidification, however, 

is associated with high energy consumption. Moreover, thermal energy losses happen in flow distributing pipes.  

Nonetheless, it can be a challenge to implement another system for the replacement of steam installations 

due to a large number of services that rely on steam. According to Capperucci et. al (2015), the complexity of hospital 

infrastructure results in a major difficulty in the process of detecting possible energy inefficiencies. In addition to 

the complexity, there is a lack of monitoring activities of the energy flows and its consumers. The measured 

parameters for energy monitoring are at times insufficient or misleading. Thus, studies must be carried out 

considering the load needs and the steam quality and pressure to be received by each of its consumers. The main 

issue, however, remains the fact that many hospital management systems do not have the correct measurements of 

the steam consumption of each of its consumers and calculations rely on estimations. The current study evaluates 

from a sustainability perspective, how to decrease energy consumption associated with steam in a building complex 

such as the UMC Utrecht (UMCU). 

1.2  Problem definition 

 The UMCU has two main focus themes in order to achieve these sustainability goals: “Keep What is Healthy, 

Healthy” and “Clean Environment” (UMC Utrecht). With these themes the goal is to promote a healthy lifestyle, 

supporting the hospital users (patients and staff) in making healthy choices alongside the reduction of the negative 

impact in the environment.  The institution aims to reduce its energy consumption by reducing the use of centralized 

steam, produced using natural gas as an energy source. The steam is used for air moisturization, sterilization, hot 

water and services (e.g. kitchen boilers). However, the use of steam for such processes is discouraged since it leads 

to high energy consumption for steam production and there are significant losses due to the long pipe network.  In 

order to achieve the goals, set by new legislation and UMCU’s own goals, an assessment of the current steam 

production is needed. The institution could benefit from other technologies available to reduce both energy 

consumption and costs. A few questions that arise are: Can hospitals deactivate the currently centralized steam 

without negatively affecting the building users? Are there feasible and sustainable alternatives for such a method? 

Such questions can only be answered by understanding the actual needs for steam in each of its consumers of this 

specific indoor environment. 

1.3  Objective  

The main objective of the research is to understand which are the main steam consumers of a hospital 

environment and, identify and recommend through functional analysis energy-efficient alternatives for the most 

significant consumer. The suggested approach aims to develop a strategy that can be applied in different hospital 

cases to achieve energy reduction requirements and to accelerate the path to nZEB hospital buildings. 

1.4 Research questions 

Main question: Which strategies can hospitals take for making the transition from centralized steam 

humidification to a more sustainable solution? 

Q1. Where is steam used in hospitals? 

Q2. How can the biggest steam user be reduced? 
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Q3. What are the alternatives for centralized steam humidification in a hospital environment? 

Q4. How much energy savings and CO2 emissions reduction would the alternatives for the steam 

installations imply in the total demand of the UMCU? 

1.5  Methodology 

The UMCU aims at achieving energy reduction while promoting a healthy environment for the hospital 

users can be approached by the new and improved version of the Trias Energetica approach, called the ‘5-step 

method’, developed by RHDHV, shown in Figure 1. 

 

 

The Five-Step Method is used as a general guide to develop the main framework. The study of user demand 

and demand is the first step to understand in which processes steam is used in hospitals and to find out what are 

the reasons and energy demand of this application. 

The literature research (Appendix A) conducted for this study describes the findings of the investigation 

into the need for humidification and the ongoing debate that surrounds this topic. The research focuses on the 

influence of low relative humidity (RH) on health problems and users’ comfort. Moreover, it provides an overview 

of all the other steam consumers within a hospital environment. Also, research is performed to give an overview of 

the possible alternatives for steam replacement in certain processes that could lead to energy reduction. 

Furthermore, it is necessary to retrieve data from the UMCU to be able to have actual measurements of the 

steam used for each consumer, its energy consumption share and to calculate possible reductions. A Pareto energy 

analysis is applied to identify in the case study the main steam consumers and their overall energy share. The major 

energy consumers are identified on the campus level. In the development of the scenarios, the Pareto analysis is 

applied to the determined major consumer that can be improved and result in most energy reduction in comparison 

with the current situation (base case scenario).  

The reduction of the energy demand is investigated through the evaluation and decision making supported 

by the Kesselring method. This method consists of placing the possibilities in a morphological overview to generate 

Figure 1 - ‘Trias Energetica’ versus the upgraded ‘5-Step Method’ 
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different scenarios for energy consumption reduction. This morphological overview is used as a tool to structure 

the development process. The current scenario of the steam users is placed alongside the available alternatives for 

each function and humidification production method. This forms a matrix of possible solution combination 

scenarios. Scores are defined to rate the scenarios on multiple aspects, which are the criteria on which the 

possibilities should be evaluated.  

The determined values are aggregated into a score for the overall rating of each alternative scenario and 

compared with the current base case scenario. The visualization technique, developed by Kesselring, allows 

different variants to be compared with each other. Within this method, the criteria for the requirements are 

separated into the categories for functionality and realization. The results of such evaluation can be seen in the so-

called S-(Stärke) diagram (Zeiler, Savanovic, & Quanjel, 2007). Among the possible scenarios, the most viable 

options lie near the diagonal and have higher scores. The scenarios rating by this method determines which 

scenarios should be investigated further and offer better feasibility for its application on the case study. Figure 2 

shows the steps in the methodology applied to this scope of research. 

 

 

Figure 2 - Methodology steps 

1.6  Scientific Relevance 

The conducted research as mentioned in section 1.3 has the objective of serving as guidance with a 

methodology that can be applied to other hospitals and demonstrating possible alternatives for the centralized 

steam production and its use in hospitals’ functions. 

The literature research is convenient for future discussions on steam use in hospital environments. 

Contradictions between previous research findings and applicable standards in several countries (e.g. requirements 

for air humidification) maintain this topic as significantly important for ongoing discussions. Furthermore, the 

present paper aims to apply a suitable methodology for decision making in energy reduction measures. This can be 

used as a starting point in other study cases. 

  

• 5-step Method 

• Literature research 

• Pareto analysis 

• Morphological Overview 

• Scenario proposal 

• Kesselring Method 

• Calculations 

• Results 

• Recommendations 
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2 Steam use in hospitals 

Steam is generated in boilers, which utilize heat from an external source (e.g. gas or electricity) to boil the 

water and transform it into steam.  A hospital boiler house usually consists of several boilers, a water supply, water 

treatment equipment, valves, and distribution piping. After its production on the boiler house, steam can be 

supplied to different types of equipment. These use the heat contained in the steam to perform specific functions, 

which are explained in more detail in the following sections. The issues with the use of steam, such as the energy 

loss of the system and the reasons why steam is not the most energy-efficient means for hospital purposes, are also 

pointed out in this chapter. A report developed by TNO (2019) estimates that the largest share of steam 

consumption varying from 20 to 60% is used for air humidification; and around 30% of the total consumption is 

lost (TNO, 2019); and the remainder is used for other purposes, such as sterilization and food preparation. 

Due to health, comfort and safety reasons (described in more detail in Appendix A), air humidification can 

play a significant role in the healthcare environment and consequently be a large steam consumer. However, other 

vital processes in a hospital environment, such as instrument and linen sterilization, hot water, space heating, and 

catering services also require steam (Dhillon & Kaur, 2015; Health care facilities). Figure 3 exemplifies the steam 

uses in a hospital building and a few of the main components of the system. 

 

Figure 3 - Steam consumers of a hospital 

2.1  Different users 

Air Humidification 

The main purpose of the HVAC system application is to ensure the indoor thermal comfort of building users 

(Rabczak, Proszak-Miąsik, & Nowak, 2019). Before the outdoor air being introduced to the room, it goes through 

processes that treat it so it can be supplied to the indoor environment within comfortable levels. During the winter 

season, when the outdoor air is cold and moist, the heating coil of the HVAC needs to rise the incoming temperature. 
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This process reduces the moisture content of the air, and a humidification section can be necessary to provide the 

required humidity levels. The humidity levels are generally described by the RH (%), which represents the amount 

of water vapor held in the air at a specific temperature at any time, relative to the maximum amount of water vapor 

that air at that temperature could possibly hold.  

The requirements for air humidification in buildings have been a controversial topic for discussion for 

years. Many authors believe it is necessary for health, safety and comfort reasons, to maintain the air humidity levels 

within a determined range (Arundel, Sterling, Biggin, & Sterling, 1986; Taylor & Tasi, 2018); whereas other studies 

show that there is a lack of experimental evidence to give base to these claims (Mermarzadeh, 2011; Shajahan, Culp, 

& Williamson, 2019).  

Figure 4 shows a schematic HVAC system with a humidification section to illustrate the air treatment 

process of the case study. As the first step the external air is filtered, then conditioned to a proper temperature, by 

the heating and/or cooling coils; afterward, it is humidified. The dehumidification of the air is possible by cooling 

the air below the condensation temperature and then heating it again before it enters the room.  There are 

alternatives for the mechanical humidification process, such as the implementations of a rotary recovery wheel. 

This system allows the heat and moisture of the return air to be recovered. This, however, is not currently applied 

to the AHUs of the UMCU. The air humidification process consists of the air humidity being increased to the adequate 

setpoint of RH in the required thermal conditions. RH control and its influence on building users have been an active 

topic of study for many authors.  

 

Figure 4 - Example of a HVAC system with a humification section (UMCU air handling unit) 

This section presents a summary of the most important topics from the research. The literature study in 

Appendix A contains information in more detail. In general, the role of air humidification is believed to be an 

important aspect for the functioning of buildings due to its influence on the: 

• development of pathogens and transmission of infections; 

• protection of medical machinery against electrostatic discharges (ESD); 

Humidification 

section 
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• comfort and performance of patients and medical staff. 

The main concern to be investigated is how humidification can affect human health, as this aspect is a 

priority, over ESD and thermal comfort aspects. However, the relationship between the influence of RH levels and 

hospital users in surveys and experimental on-site studies is little explored. The literature study regarding hospital 

users in cold climate and the influence of environmental factors on users’ health, thermal comfort perception-based 

and ESD events with on-site measurements are shown in Appendix A.  

Several advantages and disadvantages can be gathered from literature about RH levels and their effects on 

building users. Table 1 presents the most cited ones. 

Table 1 - Advantages and disadvantages of low RH 

Advantages of low RH 

• Increases the prevention from airborne pathogens that thrive at higher RH (types listed in Appendix A) 

(Arundel, Sterling, Biggin, & Sterling, 1986; Tang, 2009); 

• Allergens (fungi and mites) are less common (Arundel, Sterling, Biggin, & Sterling, 1986);  

• The concentration of formaldehyde is lower with low RH levels (Arundel, Sterling, Biggin, & Sterling, 

1986; Huang, Xiong, & Zhang, 2015; Parthasarathy, Maddalena, Russell, & Apte, 2010; Wolkoff & 

Kjaergaard, 2007). 

• Healthy people in a clean and healthy indoor environment, are hardly affected by low RH levels 

(Bronsema B. , 2002). 

Disadvantages of low RH 

• Risk of infection from airborne pathogens that thrive at low RH (types listed in Appendix A) (Arundel, 

Sterling, Biggin, & Sterling, 1986; Tang, 2009); 

• Low RH in combination with polluted air or high temperatures increases the possibilities of Sick Building 

Syndrome (SBS) complaints (Wolkoff, 2018; Fang, Wyon, & Fanger, 2003); 

• Mucous membranes dryness reported with low RH (Wolkoff & Kjaergaard, 2007); 

• Elderly are most affected by low RH, as their mucous membranes dry out faster (Wolkoff, 2018) 

(Sunwoo, Chou, Takeshita, Murakami, & Tochihara, 2006); 

• Individuals with a reduced immune system exposed to low RH levels are more susceptible to airborne 

infections due to the higher spread rate of certain pathogens (Fares & Auda, 2013) (Sunwoo, Chou, 

Takeshita, Murakami, & Tochihara, 2006) 

• Subjects with respiratory obstructions are more susceptible to suffer from dry air perception (Wolkoff, 

2018) 

• Subjects who use contact lenses are more susceptible to suffer symptoms of dry eyes (Wolkoff, 2018) 

• Thermal discomfort of patients and hospital staff members is reported to be a common result on 

experimental studies (Skoog, Fransson, & Jagemar, 2005) (Derks, A.K., Loomans, & Kort, 2018) 

(Hashiguchia, Hirakawaa, Tochiharaa, Kajib, & Karaki, 2008) 

• Electrostatic discharge may happen due to low RH, but other factors such as the floor covering, and 

equipment maintenance also play a significant role in the prevention of this risk (Rabczak, Proszak-

Miąsik, & Nowak, 2019; Viheriäkoski, et al., 2014); 
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• Higher ozone levels in the air (Wolkoff, 2018) 

The literature study has shown that there are several environmental factors that may affect the user’s 

health and indoor air quality (IAQ); and there is a lack of conclusive evidence that a single environmental factor (e.g. 

temperature, humidity) can be universally applicable to the vast variety of infectious viruses. There are few patient-

oriented studies to clearly show evidence and formulate specific guidelines for hospitals (Shajahan, Culp, & 

Williamson, 2019). The standardized ranges for low, medium and high RH and temperature, therefore, vary as there 

are no sufficiently clear scientific determinations (Mermarzadeh, 2011). Moreover, interview with hospital infection 

prevention specialist and previous research from RHDHV1 has shown that RH plays little role in building users’ 

health, and possibly the main reason hospital buildings continue to be humidified is due to comfort aspects for the 

staff rather than patient’s health. The scope of the interview and research are in Appendix I. 

Furthermore, the research2 has also shown that hospitals in colder climates than in the Netherlands have 

not used humidification for the last 20 to 30 years (Skoog, Fransson, & Jagemar, 2005). The AHU’s in most Swedish 

hospitals are equipped with heat recovery wheels, and some count with enthalpy wheels for moisture recovery, 

even though this is not a common solution to all departments (e.g. operation theaters and sterilization 

departments). This shows that there are examples of hospital buildings that do not use humidification, and at the 

same time indicate no evidence of any health risk for its users, which demonstrates that in practice the RH may have 

little to no impact on users’ health. 

 Saturated steam sterilization – the autoclave 

The sterilization of materials using steam and pressure is considered a reliable method of destroying all 

forms of microbial life. Sterilization of medical equipment, medical devices, and other consumables for use in 

various places, such as operating rooms, in hospitals largely relies on the high pressure and penetrating power of 

steam from the boiler. Sterilization, using steam, consumes a significant amount of energy and is known to cause 

unwanted peak energy demand when several autoclaves operate in parallel (Lau, Reizes, Timchenko, Kara, & 

Korfeld, 2015). Steam supplied to the sterile processing central usually is between 3 to 5% of total steam production 

for the hospital facility (University Steris, 2015). 

Hot Water for handwashing and bathing 

The hot water is frequently produced by a tank system assembly (TSA) (Csanyi, 2010). The TSA has heat 

exchangers devices in which steam enters on one side of the tubes or plates with domestic feedwater on the other 

side. The heat exchangers remove the heat from the steam and transfer it to the water. The steam that goes into 

these devices as a gas form, exits as condensate.  In order to improve the system efficiency, the condensate should 

be collected and return to the boilers, so it can be used again. According to Csanyi (2010) producing hot tap water 

from steam, however, is not energy efficient since it consists of generating high-grade heat in the form of steam and 

then converting it into low-grade heat, in the form of hot water. 

 
1 RHDHV has previously developed research and interviews on the topic, which were used as basis in the 

present report 
2 Literature study was complemented by contact with specialist working in hospital projects in Sweden 
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Heating 

The steam produced by the boilers is distributed throughout the hospital and is responsible for keeping 

both patients and staff warm throughout the day and night. Most hospitals need their boilers to be working since 

the early hours in the morning to ensure comfortable temperatures in every room. However, for the same energy 

efficiency reasons explained on 0, it should preferably be done using a directly fired boiler instead of steam. 

 Absorption Chillers 

On sites that require year-round cooling for space conditioning loads, such as hospital facilities, absorption 

cooling machines (AKM), or chillers, are a cost-effective option. Chillers are used in commercial buildings and 

industrial plants to provide air conditioning, refrigeration, and process fluid cooling. Absorption chillers are driven 

with thermal energy produced from a direct-fired burner integrated with the chiller, or with thermal energy 

supplied indirectly to the chiller. Indirect thermal sources include hot water, steam, or combustion exhaust. 

Absorption chillers are often exhaust fired using thermal energy recovered from combined heat and power (CHP). 

Services Boilers 

Hospital facilities need to guarantee that all sheets, gowns, and towels are germ-free to safeguard patients. 

Hospitals can either outsource the laundry services or in other cases have their own laundry room. This service uses 

steam for washing, drying, and ironing (Spirax Sarco). Therefore, it is necessary to provide enough amount of steam 

to heat the water used in the laundry room. 

The kitchen services also rely on the boiler system. The kitchen needs to provide meals for every patient, 

as well as most of the staff and visitors. The cooking process of these meals requires a large amount of hot water 

and the cleaning process for all the cutlery and dishes (Health care facilities).  

The services that require steam can be more efficient when making use of the recovery energy of the 

condensate return (Spirax Sarco). 

2.2 Discussion 

Steam systems disadvantages 

The high energy required for steam production represents a significant downside of these systems. The 

depletion of fossil energy sources, such as natural gas, is a matter of concern and its use should be discouraged by 

the search of alternatives. According to (Department of Health, 2013), approximately 80% of the energy used in a 

boiler is used to provide the necessary latent heat to produce steam, whereas 20% is attributed to raising the 

feedwater to boiling point.  

Nonetheless, the energy loss of the steam distribution grid is yet another drawback.  According to Thermal 

Energy International (2019), from the total fuel input, only 55% is the typical heat input of a steam system, as Figure 

5 shows. On an ideal system, up to 40% of these losses could be reduced (Thermal Energy International, 2019), 
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Figure 5 - Diagram showing typical sources of losses in steam installations (modified from source: (Thermal Energy International)) 

As steam travels through the distribution line of the system the temperature difference between pipework 

and its surroundings causes heat emission losses (ASCO, 2016). The steam traps (automatic valves for the 

condensate discharge) are usually exposed to harsh conditions which may lead it to leakage and failure. These 

situations can cause loss of steam heat and consequent energy is wasted. Approximately 20% (U.S. Department of 

Energy by the Pacific Northwest National Laboratory, 1999) to 30% (TNO, 2019)  of steam produced by a central 

boiler is usually lost due to failed and leaking traps and improper insulation in the distribution system. Verification 

of the steam traps via technical audits and the maintenance or replacement of damaged pipe-insulation is critical to 

the steam installations system in order to reduce this thermal energy loss (Eaton, Shaw, Brady, & King, 2013; EPTA, 

2007; EEI, 2011; Bandara, Abeyweera, & N.S., 2015). 

Energy loss can also happen when the condensate, formed by the temperature difference after the steam 

used for heat transfer, is discarded instead of returned to the steam boilers system. As reported by (Eaton, Shaw, 

Brady, & King, 2013) the condensate may contain as much as 16% of the total energy in the steam vapor, depending 

on system working pressures. Best practice recommendation (EEI, 2011) is to insulate all pipes, valves and 

accessories devices including the condensate system in order to prevent heat radiation losses. 

The use of condensate reduces not only energy consumption but also feedwater (Nowling, 2015). In the 

case of the condensate not being returned to the grid, the system must compensate for the system feedwater loss, 

which contributes to the system energy and water treatment losses. Moreover, additional energy is required to 

bring the make-up water up to operating temperature. The operating costs can also be a disadvantage as there is a 

constant need for greats amounts of feedwater which also requires expensive treatment (Eaton, Shaw, Brady, & 

King, 2013). 

 Challenges of deactivating centralized steam system in a hospital 

The central boiler plant provides the hospital facilities steam or hot water for critical services, such as the 

ones listed in the previous sections. Before modifications to the system, it is important to understand the steam 

demand of each consumer involved in the installations system and to ensure that its deactivation or replacement is 
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done at the right time to avoid interrupting operations, especially during periods of high steam demand. Different 

aspects of steam boiler systems should be analyzed: 

• The load demand for each of the functions, to understand the patterns (Singer, 2010; Natural 

Resources Canada’s Office of Energy Efficiency, 2018); 

• Special steam quality requirements (International Committee of the Red Cross, 2014; driSteem, 

2017); 

• Budget considerations (Natural Resources Canada’s Office of Energy Efficiency, 2018; driSteem, 

2017). 

The attribution of energy use associated with steam may be challenging due to lack of sub-metering and 

the fact that the loads vary according to its consumer (e.g. sterilization load is smaller than the steam required for 

air humidification, which is also highly variable by season) (Singer, 2010). Gathering information about the amount 

and temporal patterns of steam consumption could lead to the design of more efficient steam systems.  

The load demand estimation may be a challenge for large hospital complexes, as there usually is a lack of 

energy data (Natural Resources Canada’s Office of Energy Efficiency, 2018). Due to the complexity of the production 

and distribution system, the energy or steam consumption may be metered as delivered to a part of the campus, 

instead of being metered at the building level (Natural Resources Canada’s Office of Energy Efficiency, 2018). 

Measuring energy use is the first step in energy management and improvement, therefore not having appropriate 

metering at building level (Natural Resources Canada’s Office of Energy Efficiency, 2018) may create a challenge 

when considering a renovation of the systems. 

As for the steam quality, health care facilities require steam that is not treated with chemicals or contain 

minerals, due to possible hazardous to health or might lead to poor indoor air quality. The temperature and pressure 

in which the steam is delivered for different purposes are also variable and depend on the equipment size and 

manufacturers’ specifications (International Committee of the Red Cross, 2014; driSteem, 2017). 

On a central steam plant for large institutions, it is essential to have a reliable monitoring system that 

measures all steam-related parameters (e.g. natural gas usage, feedwater, energy consumption, load demand) on a 

scale in which it would detect possible issues. This would require a large investment in sensors through the whole 

installations and upgrade of the building management system.  

2.3  Conclusion of the chapter 

Steam use is a widespread method through many healthcare facilities (TNO, 2019).  Since steam is 

considered a sterile medium, it can be used in hospitals for many different purposes, such as air moisturization, 

autoclaves, food preparation, space and water heating, and laundry. The main steam consumer in hospital facilities 

is the air humidification (20%-60%) (TNO, 2019). The reasons for the broad and continuous use of steam in this 

function relies on the argument that an optimal range is needed for infection prevention, ESD safety, and users’ 

comfort. 

However, it can be argued that there are several environmental factors that may affect users’ health and 

comfort perception. It can be concluded from the literature that there is no conclusive evidence about a single factor 

being responsible for the spread of the vast variety of infectious agents. Moreover, specialists’ opinions indicate that 
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RH plays little role in building users’ health.  The decision-making process on whether to humidify the air should 

start by evaluating the environmental conditions and hygienic requirements for each of the building’s functions. 

Since steam production requires the use of large amounts of energy which comes from an external heat 

source, often natural gas, the actual need for its use should be carefully assessed. Using steam to provide 

fundamental healthcare services is a significant contributor to the overall energy bill and consequently amounts to 

large CO2 emissions, and therefore should be reduced to the functions in which steam is essential (e.g. sterilization). 

Moreover, in large hospitals with central energy plants, thermal energy losses (20-30%) can happen in flow 

distributing pipes which are not easy to be detected. Solutions to minimize the losses are insulating the pipework 

and improving the system efficiency by implementing the return condensate process. 

The initial investment cost for replacing the steam system, as well as the maintenance requirements needed 

to ensure it operates efficiently, are also a big concern (Natural Resources Canada’s Office of Energy Efficiency, 2018; 

driSteem, 2017). Even though significant operational and energy savings can be done when a higher efficiency 

system that uses less fuel is placed, the initial cost of investing in a new system can be high. Any system modifications 

should consider not only potential long-term energy savings but also implementation and operational costs.  

Summarizing, this chapter shows that: 

• steam can be used in hospitals for many different purposes 

• the main steam consumer in hospital facilities is the air humidification (20%-60%); 

•  the widespread use of steam in the air humidification function is based on the argument that an 

optimal range is needed for infection prevention, ESD safety, and users’ comfort; 

• there is no conclusive evidence about a single factor being responsible for the spread of the vast 

variety of infectious agents; 

• specialists’ opinions indicate that RH plays little role in building users’ health; 

• steam production requires the use of large amounts of energy which comes from an external heat 

source, often natural gas; 

• the large steam demand is a significant contributor to the overall energy bill and CO2 emissions; 

• in large hospitals with central energy plants, thermal energy losses can amount to approximately 

20-30%. 
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3 The case study 

The University Medical Center of Utrecht (UMCU) is a Dutch public medical facility, built in 1985, located 

next to Utrecht Science Park and the city center. This institution has three main purposes: patient care, education, 

and research development. Approximately 20,000 people are daily within the hospital’s domains: patients, visitors, 

employees, and students. The UMCU employs about 11,000 staff members and counts with over 3,700 students. 

UMCU has more than 1,000 patients on their nursing wards, psychiatric ward, intensive care unit and maternity 

ward (UMCU, 2019). The UMCU campus consists of several buildings with different functions, on Figure 6 it is shown 

the aerial view of the UMCU complex and its buildings. In Appendix C the site plan and all the buildings’ names are 

listed. The campus buildings‘ area comprises a total of 373,000 m2. Like other Dutch governmental institutions, the 

UMCU aims to develop more sustainable and efficient systems in order to achieve nZEB’s goals by 2030. In order to 

achieve this goal, special focus is being given to the reduction of centralized steam production and use. 

 

Figure 6 - Aerial view of the UMCU buildings (KOBV, 2018)  

3.1  Steam production, distribution, and management 

UMCU has its own energy central (building K, on Appendix C) which produces and controls the energy 

streams for most of the buildings. The energy center has three natural gas-fired engines which are directly linked 

to generators (Combined Heat and Power - CHP); these convert the natural gas, supplied by the municipality, into 

electricity and heat. It has a maximum electrical capacity of 21,56kW each, totalizing approximately 6.4MW. 

According to (de Vreede, 2006) the natural gas consumption of the CHP plant is 608m3/h. 

The exhaust gases from the CHP plants are collected and sent to the exhaust gas boiler. The heat recovered 

from the flue gases is used on this boiler to transform the distilled feedwater into steam. This is the main source of 

steam production of UMCU, with a capacity of approximately 3.3MW (de Vreede, 2006). According to the design 

data (de Vreede, 2006), the steam production amounts to 5,100 kg/h at a steam pressure of 7 bar, however, in 

practice, the achieved value is around 3,920 kg/h.   The main reason for this disparity is due to not all three gas-

engines running 24h/day: one of the gas engines is turned off during the nights because of the lower rate for 

returned electricity at night period. The consequence of this measure is fewer flue gases being fed into the exhaust 
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boiler; therefore, the steam production is lower. The boiler which was designed for a volume flow of flue gases of 3 

x 15,720 k/h in practice, receives 3 x 12,460 kg/h.  

Moreover, there are 3 additional gas boilers for heat and steam production, two with an approximate 

capacity of 10 MW and one with 5MW. These were put into operation for matching the steam production with the 

steam consumers’ demand. The UMCU steam consumers are air humidification, hot water (TSA – used for 

emergency only), sterilization purposes, AKM, and catering. After its use on the hospital’s buildings, the condensate 

returns to the energy central closing the distribution grid. A schematic of this system is shown in Figure 7. The 

gathered schemes retrieved from the UMCU’s building management system (BMS) that were used and analyzed to 

understand the components of such a system are shown in Appendix F. 

 

 

The grey dots in Figure 7 represent where the steam sensors in the general distribution scheme are located. 

Thus, steam consumption is not measured in detail throughout the whole distribution installations; which makes it 

difficult to make accurate steam consumption estimations and identify possible energy inefficiencies. The 

management and monitoring of the building services appliances are done by three different control systems. This 

is a consequence of the expansion of the hospital structure over time. The Johnson Controls is used for all the AZU 

complex, Siemens monitors Hijmans v/d Bergh (faculty of medicine building) and Schneider Electric the Children’s 

Hospital (WKZ) (Dainese, 2018). The Johnson Controls system has control over the steam supply and distribution 

at the central level, however, as Figure 7 shows at buildings’ levels the control is not detailed.  

During the research period, a few inaccuracies in the control data were observed. In order to better 

understand the steam consumption, a comparison with the feedwater used by the boilers and the steam metering 

was performed. The steam production can be calculated by the mass balance of the feedwater flow (e.g. the 

combined flow of make-up water and condensate return). A considerable difference of 46% is found between the 

total calculated values of the steam consumption based on the mass balance of feedwater flow and the steam 

metering.   

Moreover, even for the feedwater metering a difference of approximately 23% between its metered value 

and the combined value of make-up water plus condensate was found. It was observed that the feedwater meter 

Figure 7 - Steam distribution scheme 
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does not measure precise hourly values, in addition to presenting higher values than the combined flow. This 

mismatch can be explained by the possibility of not all condensate return flow being measured or possible issues 

with the feedwater meters. This uncertainty of the provided information generates difficulties to present an 

accurate analysis. The graph in Figure 8 shows how the metering system might lead to misconceptions over the 

steam usage of the hospital.  

This figure displays blue bars representing the data from the hospital’s control steam sensors; while the 

orange bars represent the calculated values for steam based on the mass balance of feedwater (make-up water and 

condensate return) and the grey bars show the metered values for the feedwater of the boilers. The blue bars during 

the winter season do not show higher values of steam consumption than in other seasons, being the opposite of 

what is expected in a real situation (i.e. more steam is needed during the winter season to humidify the heated air 

and maintain the indoor air within standardized RH conditions). The orange and grey bars, however, display the 

expected situation: during winter and the last days of autumn, there is more steam production than on the warmer 

seasons (i.e. summer and spring). This comparison is one example of the uncertainty involved with interpreting the 

steam data given by the monitoring sensors. The current building management system should be improved in order 

to deliver more accurate and trustworthy data. 

 

Figure 8 - Difference between the metered, calculated steam consumption and inaccuracies in the metering systems 

To estimate the thermal losses due to the long steam installations distribution system, the data from the 

condensate return is used. During the evening period devices that demand steam are not used and the air 

humidification is also turned off when HVAC operates in partial mode (i.e. 1/3 of its full capacity during the evening). 

Therefore, it is possible to assume that pipe loss is the main factor influencing energy consumption, from 6 pm until 

6 am.  

Figure 9 shows the steam losses calculated based on the condensate return over weekdays and weekends 

for the whole year of 2018. Monthly and seasonal graphs that show a similar trend are presented in Appendix J. The 

condensate return is expected to be higher during the working hours of the steam consumer systems; whereas 

during the evening condensate return should be minimum as no steam consumer is operating. The figures in 

Appendix H show the schedule of the AHUs for different departments; observing the figures it is understood that 
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each department has its own working time for air humification and the difference in the working period between 

weekdays and weekends is significant. Moreover, equipment usage and CSA are assumed to be in operation between 

6h to 18h every day. 

The grey line represents the average value of condensate return during the night period. These losses 

amount to approximately 1.767 m³/h or 1,767 kg/h ≈ 1,326kW.  Thus, the total energy losses are approximately 

11,600 MWh/year. Not only this represent a great amount of energy losses, but also means 2,120 tonCO2/year 

emissions and 967,615 m3/year of natural gas are aimlessly used.  

 

Figure 9 - Losses calculated based on the condensate return 

Due to the inaccuracies found on the water metering during the research period, a validation of this high 

amount of losses was made by analyzing the gas consumption of the boilers. The total energy consumption based 

on gas usage by CHP and the 3 additional boilers, is compared to the total energy consumption calculated with the 

water meters. Figure 10 shows the differences between the compared data. The total energy consumption for the 

steam production is approximately 30,000MWh year when calculated from both gas and water mass balance; and 

around 39,500MWh, when calculated based on feedwater meters. 
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Figure 10 - Calculated Total Energy Consumption for Steam Production 

The amount of gas used by the CHPs’ exhaust boiler to produce steam is not accurately measured and 

estimations are required. Thus, the calculation for losses through gas data is more reliable by observing the 3 

independent boilers gas consumption. This was possible because during the summer of 2019 the exhaust boiler of 

the CHP was shut down for maintenance. Figure 11 shows the average value of energy losses during this period is 

approximately 1,800kWh. This value would mean a yearly 15,000MWh of energy loss (≈2,745 tonCO2/year). 

However, this amount of losses corresponds to the inaccuracy of almost 20% of the value found based on the 

calculation performed with condensate return data.  

It is possible to see from the rest of the gathered gas data that the gas meters are not reliable. In Appendix 

K, figures with the estimated losses based on gas data are shown; these display that weekdays and weekends have 

almost the same usage pattern which, as previously stated, is not what happens in reality due to the schedule of the 

departments (Appendix H). Moreover, the average losses calculated based on the gas consumption present values 

much higher than the calculations based on the water meters (values 40% or higher for winter, spring and fall 

months). This inaccuracy is lower when the calculations only consider summer months (when CHP was under 

maintenance and only the other 3 boilers were being used). 

Nevertheless, the data gathered on summer 2019 does not provide a clear picture of the total energy 

consumption for the steam installations, as it would depend on inputs over the gas used by the exhaust CHP boiler. 

The air humidification was turned off because of the season and the absorption cooling machine (AKM) was not 

working in that period. Thus, only the losses were able to be estimated.  

The investigation for the causes of such high losses in the case study is out of the scope of this research; 

however, in literature is possible to verify that the primary causes of steam losses include piping and tubing 

connections and erosion (Bandara, Abeyweera, & N.S., 2015), as well as failures of steam components such as valves 

and steam traps (U.S. Department of Energy by the Pacific Northwest National Laboratory, 1999).   
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Figure 11 - Summer steam energy consumption in 2019 

In order to confirm these elevated losses’ estimations, data from another UMC is used for comparison. 

Maastricht UMC (MUMC), has shown a similar amount of losses. From the make-up water supplied to the boilers for 

the steam production, it is calculated approximately 1.89 m³/h ≈ 1,418kW of losses, as Figure 12 shows. From the 

annual amount of 34,800m3 of water supplied to the boilers, almost 16,000m3 (45%) are lost; this corresponds to 

12,420MWh of energy that is lost by the distribution system. Such information leads to the understanding that UMCs 

need to reduce their steam usage and de-centralize the distribution in order to reduce this great amount of losses. 

 

Figure 12 - Average losses at MUMC 

As a short-term solution, for the high energy consumption of steam installations, the UMCU has already 

started to apply a measure of reducing the areas that receive moisturized air. During the research period, the 

temperature and RH levels measured on the exhaust air, on a building part in which the humidification was set to 

off, during two weeks of winter in 2019, the indoor RH levels can be lower than 30%. In consultation with the 
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maintenance engineer responsible for all the air treatment of UMCU,  it was reported that this solution was decided 

based on UMC experts opinion and is being observed by the energy management team, in order to guarantee that 

no negative conditions arise from it. Insofar it has not resulted in any adverse situations (e.g. increase of dry air 

complaints, allergies or an increase in the spread of diseases). This information reinforces the knowledge gathered 

with the literature study that RH may not be necessary for all parts of the hospital environment. 

3.2 Pareto analysis 

As previously explained, the steam production is supplied to different functions.  Each of these functions 

has different steam/energy demands. In order to statistically determine which of these different functions cause 

the most significant effect on energy demand, the Pareto Analysis technique is performed.  

The Pareto Principle, also known as the 80:20 rule (Dunford, Su, Tamang, & Wintour, 2014), explains that 

a small number of causes can be responsible for a large percentage of effects. The 80:20 rule means that for many 

situations 80% of the resulting consequences are produced by only 20% of the causes. In other words, it helps to 

realize that a minority of factors often result in the majority of outcomes. This technique is particularly used to 

improve the decision-making process and efficiency.  

The first step to applying such a technique is to identify and list all the causes (e.g. steam consumers) that 

may be leading to an issue (e.g. high energy consumption). Once all factors are known it is possible to make a graph 

which shows which are the main contributors to the problem that needs to be solved.  

There are no measuring sensors for quantifying the steam input for the air humidification of each separate 

building of the complex. This makes the process of identifying inefficiencies and possible strategies more difficult. 

The steam usage for the Central Sterilization Department (in Dutch, Centrale Sterilisatie Afdeling – CSA) is not 

currently being measured as there is an ongoing renovation in the department. Due to the unavailability of CSA data 

in the UMCU, the data used for this steam consumer is an estimation based on the data of the UMC Groningen 

(UMCG) for the period of 2018. This decision to use UMCG data only for the CSA function was made in consultation 

with RHDHV expert, as both UMC have a comparable steam demand for sterilization. In addition to this, there are 

no sensors connected to the BMS to gather data from the other steam consumers (kitchen boilers, laboratory 

equipment, bed wash, and bedpans sterilization); thus, all data for these consumers were estimated based on the 

local metering data of the equipment usage. The graphs in Figure 13 represent the Pareto Analysis chart where it is 

possible to see that the major steam consumer is the air moisturization, followed by total losses of the steam 

installations.  

This figure should be interpreted carefully. Due to deviations in the measurements of the water meters, 

explained in the previous section, there is a considerably large inaccuracy. With the gathered data of mass balance 

(make-up water plus condensate return), it is possible to make an estimation of the total steam consumption. 

Equipment usage data is known (≈2,720MWh/year), CSA usage (≈2,900MWh/year) was estimated based on the 

UMCG consumption and losses could be estimated in the range of 11,600 to 15,000MWh/year. The air 

humidification, however, is the remainder of the total steam consumption. The water data used to calculate the total 

steam consumption presents a 23% inaccuracy (mass balance calculation vs. feedwater meter), which means the 

actual consumption of steam for the air humidification may fall on the range between 17,260,900kg/year 

(calculated based on mass balance) and 29,570,000kg/year (based on feedwater meter). This corresponds, 

respectively, to a range of approximately 12,945MWh (graph on the left) to 22,180MWh (graph on the right) annual 
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energy consumption. The information given by the UMCU is that the feedwater meter is not accurate; therefore, for 

the continuity of the calculations of the present report the value of the steam consumption calculated based on the 

make-up water combined with the condensate return is assumed to be the most accurate. 

   

Figure 13 – Pareto analysis of steam consumers at UMCU: the inaccuracies on the metering do not allow an accurate assessment 

Figure 14, which shows the steam usage per function – including the pipe losses – the air moisturization 

represents the largest share of consumption, followed by the pipe losses and central sterilization department. The 

other consumers represent approximately 10% or less from the total consumption and therefore are not significant 

to the overall consumption. The error bars in Figure 14 illustrate the 23% of inaccuracy. Despite the inaccuracies of 

the case study’ system, the fact remains that air moisturization and distribution losses are the major contributors 

to the energy consumption of the steam installations.    

 

Figure 14 – UMCU Steam consumption share per steam consumer 
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The steam energy consumption can be then divided into three main streams: air humidification, 

distribution losses, and other steam consumers. Figure 14 reinforces the information obtained on literature that 

steam losses represent a great disadvantage on buildings systems and that air moisturization is the largest 

consumer of steam in hospital applications. In the case study, the losses represent 29% (with ±23% of inaccuracy). 

This value is relatively higher than what is expected in facilities with centralized steam plants, as literature  (U.S. 

Department of Energy by the Pacific Northwest National Laboratory, 1999) (TNO, 2019) has shown the value 

attributed to steam losses due to thermal losses is generally 20-30%. Thus, the installations of the UMCU should go 

through a thorough assessment of the reasons why these losses are unusually high. 

There is no sub-metering for the air humidification in each of the UMCU buildings, however by making use 

of the typical functions area and their percentual area in each of the buildings it is possible to make an estimation 

of the energy consumption used for the humidification of each building and function. Figure 15 shows the estimation 

per building. Figure 15 shows that building F of the AZU has the largest share on the energy consumption in regard 

to the air humidification. This is due to a large number of operating rooms in this building (95 rooms, with a total 

net internal area (NIA) of approximately 3200m2), while also being one of the larger buildings in the complex. The 

other buildings that present a medium to high energy consumption (e.g. ≥ 500 MWh/year) have large areas 

dedicated to offices and common spaces.  

 

Figure 15 – Annual energy consumption per building 

Figure 16 shows the functions that consume more energy on the UMCU per NIA. It reinforces the 

assumption that operation theatres/rooms are the most energy demanding per m2 in regard to their humidification 

systems. The stricter and higher RH levels and ventilation rates for these rooms type can be assumed to be the 

reason for the energy consumption of a small area is higher than in other hospital areas. 
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Figure 16 – Annual energy consumption per NIA 

Nevertheless, a Pareto analysis can also here be implemented to indicate which of the room functions are 

the major contributors in the overall UMCU air humidification consumption. Figure 17 shows that despite the OR 

requiring more energy for air humidification per area; offices and the common area are the major contributors to 

the overall consumption.  

 

Figure 17 - Pareto analysis of the room functions as contributors to the air humidification energy consumption 

The UMCU has around 132,000m2 of offices and common areas being daily humidified which makes them 

the areas which contribute to 28% and 15%, respectively, of the humidification energy consumption at the UMCU, 

as Figure 18 illustrates. These functions are not required to be humidified by health standards. Thus, there is the 

need to critically evaluate the relationship of energy costs versus comfort benefits air humidification has in these 

areas. 
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Figure 18 – Share of energy consumption per function  

With these figures, it is possible to assume that specific hospital functions are consuming large amounts of 

energy for their air humidification. It is necessary to discuss whether air humidification is significant for them to 

function properly or to their users' health and comfort.  

The Dutch weather data considered as climate reference for calculations is given by NEN5060 (2018). This 

norm contains the representative reference climate data for the determination of the energy performance of 

buildings and for the dimensioning of heating, cooling and air treatment installations for buildings. It is the Dutch 

version of the NEN-EN-ISO 15927 series. This series of standards describe how to generate data sets for specific 

applications from climatic data. Based on this series of standards, climate data has been selected for the 

determination of the energy performance of buildings. 

Thus, considering the climate reference parameters and a scenario where no humidification is added to the 

indoor air and maintaining the same current indoor temperature setpoints as stated on the UMCU Masterplan 

(2018) (e.g. ≈18oC), the relative number of hours that are under the 30% RH level are calculated for the main 

hospital functions, as Figure 19and Figure 20 show. 

Offices, common areas, teaching, treatment, and operation rooms are in use on average 3,000 hours/year. 

Laboratories and service rooms are being used on average for 5,000hours/year. Figure 19 shows that in a scenario 

with no air humidification being added, the RH levels would be under 30% in 12% of these working hours. As Figure 

17 and Figure 18 have shown, offices and common areas represent a large share of the energy consumption for air 

humidification; if air humidification would be removed from these, only 360 hours are below the level which 

literature considers adequate for human comfort. 
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Figure 19 - Hours of a whole year to be under 30% RH level for offices, common areas, teaching rooms, treatment rooms, ORs, 

service areas and laboratories 

In-patient rooms, including isolation rooms and ICUs, are typically in use 24h/day. In the same scenario, 

this would result in 13% of 8760 hours (≈1,140 hours/year) below the RH level of 30%.  Considering that these 

rooms are occupied by patients and that their comfort might be a significant aspect for recovery (Shajahan, Culp, & 

Williamson, 2019), this number of hours under 30% RH is not considered adequate. 

 

Figure 20 – - Hours of a whole year to be under 30% RH level for in-patient rooms and isolation/ICU 

3.3 Conclusion of the chapter 

This chapter gives an overview of the steam production and distribution of the UMCU. During the research 

period, a few divergences in the gathered data were found, which makes an accurate analysis difficult. Despite the 

inaccuracies, the Pareto analysis has shown that air humidification is the main consumer, followed by the energy 

losses of the system’s installations. Moreover, it was estimated, based on the building’s area and indoor air 

requirements, which of the buildings’ functions require more energy.  

Summarizing the findings: 

• the gathered data considerably large inaccuracies; 

• the information given by the BMS should be revised in order to be more accurate; 
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• the main steam consumer in hospital facilities is the air humidification, followed by the energy 

losses; 

• the energy losses of the case study are a great concern as they can represent over 30% of the energy 

consumption on the steam system; 

• the ratio energy consumption per area showed that the operation department is the most energy 

demanding sector of the hospital in regard to air humidification; 

• offices and common areas, however, which do not need air humidification for health reasons, are 

great contributors to the energy demand, as they occupy a large part of the buildings. 
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4 Alternative scenarios 

There is a broad variety of options to humidify the indoor environment. The options can be either passive 

alternatives (e.g. vegetation, water features, natural ventilation) or active (e.g. mechanical ventilation). The different 

alternatives air humidification are evaluated based on functional aspects and on how they can be realized, according 

to the Kesselring method. This method facilitates the visualization of possible qualities of each alternative scenario, 

which are generally difficult to demonstrate with the use of regular diagrams (Zeiler, Savanovic, & Quanjel, 2007).  

Firstly, the possible scenarios are chosen from the combination of alternatives on the Morphological 

Overview. All the air humidification possibilities are listed on building, floor and room levels. This method is used 

to introduce an overview of all possible available solutions.  

Secondly, the evaluation of each scenario is made by the attribution of weighing factors. Weighing factors 

are defined to be able to rate all aspects of a certain scenario. Therefore, several conditional requirements are 

specified. The requirements to be evaluated are chosen based on the literature study. These are rated based on the 

literature study, experts’ opinions and information gathered with humidifiers manufacturers. The conditional 

requirements are organized by functional and realization aspects. Finally, these conditional requirements are used 

as a base for the evaluation tool of the scenarios and to create a Kesselring Diagram.  

Nevertheless, the functional aspects of air moisturization are very subjective and controversial. No exact 

values of each system’s influence on users’ health, comfort and ESD are given in the literature. Thus, this evaluation 

is only an estimation of the relation between these aspects, based on the opinion that was acquired by performing 

the literature study. The scores are given based mostly on the literature study, which sometimes lacks information 

about certain humidifier types. On the other hand, the realization aspects are measurable; thus, they represent the 

most significant difference in the comparison between the scenarios. 

The functional criteria are based on: 

• Health concerns: the highest score refers to the low impact on nosocomial infection threats, fungi 

growth and allergy symptoms, according to literature, assuming the implementation of the 

scenario. 

• Electrostatic discharge prevention: scores high when the ESD possibility is the lowest when 

compared to other options. 

• Users Comfort: scores high when the patients or staff comfort is believed to be improved, with the 

implementation of the scenario, according to the literature study. 

The realization aspects are:  

• Energy efficiency: the highest score refers to the highest energy saving potential of the scenario 

(≥75% than the baseline scenario).  

• Carbon Emissions: scores high when the carbon emissions reduction potential of the scenario is 

very significant when compared with the baseline (≥75%).  

• Operational costs: a high score means the scenario has low annual operation (energy + water 

treatment) costs when compared to the other scenarios. 
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• Investment costs: scores high when the estimated investment costs of the scenario are relatively 

low when balanced with its returns. 

• Realization time: the highest scores are given when the scenario can be implemented in a short 

time span. 

• Controllability: scores high when the scenario counts with a good RH-range control 

The Morphological Overview, the scenarios’ descriptions, and the Kesselring Diagram resulted from the 

evaluation are given in the following sections. 

4.1 Morphological overview 

As previously explained, the air moisturization should be the focus of the UMCU for the steam demand 

reduction; thus, the most promising solutions for this function are studied. However, not every possible solution’s 

impacts are studied for this specific case study. The impacts of the passive alternatives are not easily measurable, 

as it would depend on further details of each building of the complex for introducing such alternatives (e.g. available 

area, occupancy profiles, architectural features). Thus, these are not considered in the scenarios, even though they 

are discussed in chapter 3 of Appendix A.  The mechanical ventilation alternatives can be estimated based on general 

knowledge of the building’s areas, operation hours and requirements. Thus, these alternatives were selected to 

make calculations on energy reduction, CO2 emissions and a rough estimate on investment costs. 

Moreover, the settings for the other steam consumers are not of the scope of this study, therefore they were 

assumed to represent the most viable and sustainable solution; this decision was made as these are the set of 

solutions most likely to be applied at UMCU in the near future. Additionally, the alternatives consider the overall 

reduction on the steam demand and the decommissioning of a centralized steam plant; consequently, the system 

losses can also be greatly reduced. Figure 21 shows the Morphological overview, for more detailed information 

Appendix G, shows the weighing factors and score table. 
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Figure 21 - Morphological Overview 

4.2  Identification and specification of scenarios 

In order to make a viable energy reduction comparison, a reference profile is needed. The energy 

consumption for air humidification in the whole campus for the year 2018 (≈12,945MWh) needs to be validated 

through calculations of a baseline scenario. Using the formulas shown in Appendix D a baseline scenario matching 

the energy consumption data of 2018 was simulated. The resulting annual consumption for air humidification of 

the baseline is 12,274MWh, which represents 95% accuracy when compared to the gathered data.  

The scenarios’ energy calculations were based on the requirements for each typical hospital function (e.g. 

patient’s rooms, operating rooms, offices, etc). Since the UMCU does not have a sub-metering of the setpoints 
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determined by the building’s functions, the known average temperature and RH setpoints3 of the majority of the 

buildings’ AHUs are used for the supply air. The indoor temperature, RH levels range and air changes per hour (ACH) 

data were based on the UMCU current or future requirements listed on its masterplan (2018). When the value in 

the masterplan (2018) is neither mentioned or required, recommended values from ASHRAE (2016) (2017) or CBZ 

(2002), according to values presented in Appendix B are used. The values used for calculations are described in 

Table 2.  

Table 2 - Description of values considered for the baseline scenario 

Room type 
Area 
[m2] 

Single 
area 
[m2] 

Number of 
units 

Supply 
air Temp 

[oC] 

Supply 
air RH 

[%] 

Indoor 
Temperature 

[oC] 

Indoor RH 
[%] 

Minimal 
total ACH 

Airflow 
Volume4 
[m3/h] 

Offices 52,519 16 3,186 16 55 
18 ≤ T ≤ 25 

(UMCU, 
2018) 

RH < 65 
(ASHRAE, 

2016) 

6 (UMCU, 
2018) 

297 

In patient 13,814 28 490 16 55 
21 ≤ T ≤ 25 

(UMCU, 
2018) 

RH ≥30 
 (CBZ, 2002) 

4 -6 
(ASHRAE, 

2017) 
338 

Common 
areas 

79,296 40 1,990 16 55 
21 ≤ T ≤ 25 

(UMCU, 
2018) 

N/R5 
2 (UMCU, 

2018) 
239 

Laboratories 14,607 32 457 16 55 
21 ≤ T ≤ 23 

(UMCU, 
2018) 

N/R 
> 5 

(UMCU, 
2018) 

575 

Teaching 
rooms 

3,529 33 106 16 55 
21 ≤ T ≤ 25 

(UMCU, 
2018) 

N/R N/R6 599 

Diagnostic 
and 

Treatment 
16,596 18 922 16 55 

20 ≤ T ≤ 25 
(UMCU, 
2018) 

50 ≤ RH ≤70 
(UMCU, 
2018) 

6-15 
(ASHRAE, 

2017) 
324 

Operating 
rooms 

4,298 34 127 16 60 
18 ≤ T ≤ 22 

(UMCU, 
2018) 

50 ≤ RH ≤ 65  
(UMCU, 
2018) 

15-20 
 (ASHRAE, 

2017) 
2030 

Specific room 
(pharmacy, 

etc) 
8,437 19 433 16 55 

18 ≤ T ≤ 25 
(UMCU, 
2018) 

40 ≤ RH ≤70 
(UMCU, 
2018) 

6-10 
(UMCU, 
2018) 

585 

Isolation 
room/ ICU 

1,592 22 99 18 60 
21 ≤ T ≤ 25 

(UMCU, 
2018) 

45 ≤ RH ≤75 
(UMCU, 
2018) 

6 (UMCU, 
2018) 

398 

 

The total NIA considered for the calculations to be humidified by the hospital's centralized steam system is 

approximately 195,000m2. The nine functions considered in the calculations represent the most important 

functions in a university hospital building and have relatively different air treatment requirements, as it is possible 

to see in Table 2. 

One of the goals of UMCU is to reduce the use of fossil fuels (e.g. natural gas) as its primary energy source. 

Thus, for the simulated scenarios, local electrical humidifier (isothermal) option to produce steam, adiabatic 

humidification process and use of energy wheel options are introduced. The formulas used for the energy 

calculations are listed in Appendix D.  

 
3 Information gathered with UMCU personnel 
4 Considering the average height as 3m 
5 When not required or mentioned (N/R) in neither of the aforementioned standards, for the calculation’s 

purposes RH≥30 
6 When not required or mentioned (N/R) in neither of the aforementioned standards, for the calculation’s 

purposes ACH=6 
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Seven scenarios are analyzed. These were created by combining alternatives from the Morphological 

Overview. The combinations are based upon different air humidification and energy efficiency concepts. Not every 

possible combination of the presented solutions, even with focus only on the air moisturization, is possible, since 

having different air treatment systems can lead to logistical problems in the hospital.  

Scenario 1 – Reduced RH ranges  

Scenario 1 is simulated considering the minimum RH levels for all rooms as recommended by ASHRAE or 

the CBZ, described on the tables of Appendix B. The humidification is maintained as isothermal, with the same steam 

production method, to be able to compare the benefits this scenario can bring when compared with the baseline. 

The total area to be humidified in this scenario is the same as the baseline scenario, 195,000m2. 

Table 3 - Description of assumptions considered for scenario 1 

Room type 
Indoor RH on 
Baseline [%] 

Indoor RH on 
Scenario 1 [%] 

Offices 
RH < 65 

(ASHRAE, 2016) 
30 

In patient 
RH ≥30 

 (CBZ, 2002) 
30 

Common areas N/R7 308 

Laboratories N/R 30 

Teaching rooms N/R 30 

Diagnostic and Treatment 
50 ≤ RH ≤70 

(UMCU, 2018) 
30 

Operating rooms 
50 ≤ RH ≤ 65  

(UMCU, 2018) 
30 

Specific room (pharmacy, etc) 
40 ≤ RH ≤70 

(UMCU, 2018) 
30 

Isolation room/ ICU 
45 ≤ RH ≤75 

(UMCU, 2018) 
30 

 

Scenario 2 – Reduced functions with air humidification  

Scenario 2 is calculated according to the assumptions that not all rooms are supplied with moisturized air.  

During the research, it was found a few hospitals’ functions do not require humidification in their air treatment, as 

it does not pose health issues for their users. Considering that air humidification is not a priority in all building’s 

rooms, but only in the rooms that have stricter RH requirements, scenario 2 is simulated considering only the most 

crucial rooms for the patients’ health: ORs and ICUs/isolation rooms. With the purpose of comparison with the 

baseline, the only change is on the building’s functions, which are reduced; all the other parameters (e.g. RH levels, 

steam production method) are the same as the baseline. 

The total area to be humidified is reduced to approximately 5,890m2, to be supplied with steam by the 

central energy plant.  

 

 
7 When not required or mentioned (N/R) in neither of the aforementioned standards, for the calculation’s 

purposes RH≥30 
8 On the ASHRAE standard the humidification is Not Required (N/R) for certain functions. For the purposes 

of calculating the Scenario 1 the N/R functions were assumed to have a minimum RH of 30%. 
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Table 4 - Description of the areas considered for scenario 2 

Room type 
Area 
[m2] 

Single area 
[m2] 

Number of 
units 

Operating rooms 4,298 34 127 

Isolation room/ ICU 1,592 22 99 

 

Scenario 3 – ORs and ICU with electric humidification  

This scenario is simulated as scenario 2; however, the difference is that this one assumes the local use of 

resistive humidifiers, instead of natural gas as a source for the steam production. The choice for this type of electrical 

humidifier was determined due to its advantages found during the literature study, shown in Appendix A. 

The total area to be humidified is reduced to approximately 5,890m2. The electrical humidifiers should be 

placed at a local level (in-duct). 

Scenario 4 – Adiabatic in most building’s functions  

An alternative for steam in air humidification is the use of atomizing humidifiers, also known as adiabatic 

humidifiers. On this system, the water is vaporized in micron size droplets directly into the air. In the Netherlands, 

a report from TNO (2009) describes the proper water treatment for being used in this type of system and states 

that adiabatic humidifiers types - without recirculation - are suitable to be used in healthcare facilities. Nevertheless, 

the report (TNO, 2009) recommends ORs and ICUs remaining with humidification being provided by steam. 

Adiabatic humidification is the most likely future for humidification in large buildings since it is more 

energy-efficient than the isothermal type. Based on the literature study, a few types of adiabatic humidifiers for 

hospital use have stood out. The different types are presented in Appendix A. In order to verify the energy efficiency 

of the proposed system, this scenario evaluates what would be the benefits of applying low-pressure adiabatic 

humidification to all rooms, except ORs and isolation rooms/ICUs, with the same RH levels as the baseline. 

Moreover, scenario 4 considers that ORs and isolation rooms/ICUs have their humidification provided by locally 

produced steam electrical humidifiers. 

Table 5 - Description of the assumptions considered for scenario 4 

Room type 
Humidification on Baseline 

Scenario 
Humidification on Scenario 4 

Offices 

Steam produced by Central 
Plant and distributed on all 

areas 

Adiabatic 

In patient Adiabatic 

Common areas Adiabatic 

Laboratories Adiabatic 

Teaching rooms Adiabatic 

Diagnostic and 
Treatment 

Adiabatic 

Operating rooms Electrical (resistive) 

Specific room 
(pharmacy, etc) 

Adiabatic 

Isolation room/ ICU Electrical (resistive) 
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Therefore, 188,800 m2 are humidified by adiabatic technology; the adiabatic humidifiers should be placed 

at a central level (in approximately 100 AHUs). The remaining 5,890 m2, or 226 rooms, are considered to be locally 

humidified by electrical (resistive) humidifiers. 

Scenario 5 – Adiabatic for all rooms  

A relatively new technology that has been applied in a few Dutch hospitals9 is the hybrid adiabatic 

humidifier. This adiabatic humidifier hygiene has been tested, proven and confirmed by the award of the SGS-

Fresenius Hygiene Certificate (Nortec Humidity Ltd.). Given the fact that this technology is already in use in the 

Netherlands and it has received a well-known hygiene certificate, its energy consumption and benefits to the UMCU 

are considered in this scenario. Moreover, the information given by the manufacturer about this technology is that 

one Dutch hospital has this type of humidifier applied to its ORs; therefore, this scenario takes this application into 

consideration for all building functions. 

Scenario 6 – No humidification for most rooms + adiabatic  

According to the research, humidification does not play a big role in many building areas. As previously 

stated, assuming a scenario wherein the Dutch hospitals do not use air moisturization, is, therefore, a reasonable 

option. However, for the middle-term, it is safer to consider that a few rooms will still need air humidification. In 

this scenario, humidification is considered in rooms that are focused on the most crucial patient treatment. This 

scenario assumes that only the AHUs which supply air to operating and isolation/ICU rooms of UMCU to be equipped 

with the same adiabatic humidifier type of the previous scenario. 

Table 6 - Description of the assumptions considered for scenario 6 

Room type 
Humidification on Baseline 

Scenario 
Humidification on Scenario 6 

Offices 

Steam produced by Central 
Plant and distributed on all 

areas 

No Humidification 

In patient No Humidification 

Common areas No Humidification 

Laboratories No Humidification 

Teaching rooms No Humidification 

Diagnostic and 
Treatment 

No Humidification 

Operating rooms Adiabatic 

Specific room 
(pharmacy, etc) 

No Humidification 

Isolation room/ ICU Adiabatic  

 

Scenario 7 – Energy recovery wheel  

Energy recovery wheels applied in AHUs are generally used for the exchange of energy between warm and 

cold airstreams with the aim of saving thermal energy. They can be applied to transfer sensible and latent heat. It 

transfers sensible heat from the warmer air stream to the cooler air stream and recovers moisture from the air 

 
9 Examples are: Deventer ziekenhuis (in its operating rooms); Antonius ziekenhuis; Radboud UMC; ZGT 

ziekenhuisgroep Twente; VUMC 
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stream with a higher humidity ratio to the air stream with a lower humidity ratio. During the winter months, this 

technology can transfer heat and moisture from the exhaust to the supply stream. According to Rabbie et al. (2000) 

the total energy transfer performance, which combines sensible and latent heat, is around the range of 55 to 85%.  

Heat and moisture recovery from mechanical ventilation air with energy wheels can be used if it is 

prevented that the possible suctioned contaminants are not returned to the supply channel. In regard to hospital 

environments, it is necessary to ensure there is no cross-contamination in specific treatment areas, such as intensive 

care and operation rooms. Therefore, this scenario considers the implementation of energy wheels for all the 

departments, except for the intensive care/isolation rooms and operating department. These are assumed to 

receive air moisturization via local use of resistive humidifiers (same as Scenario 3). 

Figure 22 shows the Morphological overview with the alternatives combinations that created the seven 

analyzed scenarios. For more detailed information, see Appendix G. 

Figure 22 - Morphological overview - All scenarios created (also in Appendix G) 
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5 Results 

5.1 Baseline  

Energy costs 

The baseline scenario considers that the air moisturization consumes 12,274 MWh/year, based on 

calculations regarding the isothermal air humidification process, presented on Appendix E. The energy costs of the 

steam production for the baseline scenario consist of the costs for natural gas for steam production and the costs 

for the feedwater. The estimation for the air moisturization costs assumes that the air humidification function 

corresponds to approximately 60% of the feedwater consumption, including losses10. The annual humidification 

load requires approximately 30,000m3 of water per year. Due to the inaccuracy between feedwater meter data and 

calculated values, explained in section 3.1, a difference of up to 23% is possible. 

Calculations are made for this per kWh and m3 of input, considering: 

• Natural gas rate ≈ € 0.0384/ kWh (Eurostat, 2019)  

• Feedwater rate ≈ € 0.7211 / m3 

• Softened water treatment ≈ € 1.1012 / m3 

Therefore, the annual energy costs for the total steam production amounts to: 

• Energy costs for natural gas 12,274 MWh ≈ € 471,300 

• Energy costs for feedwater 30,000 m3≈ € 54,600 

• Total energy costs for air moisturization ≈ € 525,300 

Carbon footprint 

It is considered that for every kWh, produced by an energy source of natural gas, 0.183 kgCO2 is emitted to 

the atmosphere13. Using the given data for calculations the air moisturization in the baseline scenario has a share of 

roughly 2,250 tonCO2 annual emissions. 

5.2  Scenario 1  

Energy costs 

Scenario 1 represents 66% of energy consumption reduction when compared to the baseline.  

• Energy costs for natural gas 4,200 MWh/year ≈ € 195,800 

• The total of feedwater is 3,300 m3 ≈ € 6,000 

• Total energy costs for air moisturization ≈ € 167,300 

 
10 Considering 39.2% value of losses applied to the 42.2% of the air humidification 
11 Excluding VAT. Information given by a RHDHV specialist  
12 Information retrieved from a RHDHV project of 2016 
13 Table 43 of NTA8800:2019: CO2-emissions coefficients in kg CO2/kWh. 
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Carbon footprint 

Scenario 1 has a yearly total of 770 tonCO2 emissions.  

Investments costs 

Scenario 1 is based on the assumption that the only parameter to be changed is the RH levels in all rooms 

to the minimum values suggested by ASHRAE (ASHRAE, 2017). Thus, no initial investment costs are needed in this 

scenario.                

5.3 Scenario 2   

Energy costs 

Scenario 2 represents an improvement of 75% on energy consumption when compared to the baseline.  

• Energy costs for natural gas 3,000 MWh/year ≈ € 115,200 

• The total of feedwater is 8,150 m3 ≈ € 14,900 

• Total energy costs for air moisturization ≈ € 130,100 

Carbon footprint 

Scenario 2 has an annual total of 350 tonCO2. 

Investments costs 

Scenario 2 is based on the assumption that the only parameter to be changed is the number of rooms that 

are supplied with humidified air. Thus, no initial investment costs are needed in this scenario.                                                             

                                                                                                             

On the following scenarios the natural gas is not the energy source available and the value used for the 

calculations are: 

• Electricity price ≈ € 0.0863/ kWh (Eurostat, 2019) 

5.4 Scenario 3  

Energy costs 

Scenario 3 represents 75% of energy consumption reduction when compared to the baseline.  

• Energy costs for electricity 3,000 MWh/year ≈ € 258,900 

• The total of feedwater is 8,150 m3 ≈ € 14,900 

• Total energy costs for air moisturization ≈ € 273,900 

Carbon footprint 

It is considered that for every kWh, produced by the electrical grid, 0.34 kgCO2 is emitted to the 

atmosphere14. Scenario 3 has an annual total of 1,040 tonCO2 emissions. 

 
14 Table 43 of NTA8800:2019: CO2-emissions coefficients in kg CO2/kWh. 
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Investments costs 

Scenario 3 is based on the assumption that only a few rooms are supplied with locally humidified air. This 

humidification is done by electrical humidifiers. The cost of an electric boiler is approximately €50015 per kg/h of 

steam produced for the required humidification load. Besides this cost, the electrical humidifiers need water 

treatment units, which require an investment of approximately €50,00016. The estimation of the number of units 

that would be needed to supply to every OR, ICU and isolation rooms is not straightforward, as one treatment unit 

can supply treated water to several humidifiers. Hence, this cost is not taken into account in the estimation. The 

investment costs for this scenario can be roughly be estimated at least in € 4,000,000. 

On the following scenarios the feedwater needs to be treated by RO process the value used for the 

calculations are: 

• Feedwater rate ≈ € 0.7217  / m3  

• Softened water treatment ≈ € 7.0118 / m3 

5.5 Scenario 4  

Energy costs 

Scenario 4 represents an improvement of 4% on energy consumption when compared to the baseline.  

• Energy costs for electricity 11,780 MWh/year ≈ € 1,016,600 

• The total of feedwater is 32,000 m3 ≈ € 247,500 

• Total energy costs for air moisturization ≈ € 1,264,100  

Carbon footprint 

Scenario 4 has an annual total of 3,730 tonCO2 emissions. 

Investments costs 

The installation of a high-quality RO system with conductivity control, which can be combined for several 

humidifiers, costs approximately € 30,000- €50,00019. The estimation of the number of units that would be needed 

is not straightforward, as one treatment unit can supply treated water to several humidifiers. It is assumed one 

treatment unit per building. 

The costs for a humidification system cabinet with an air volume capacity of 50,000 m3/h amount to 

approximately € 30,00020. The AHUs of the case study do not need an equipment with this air volume capacity. 

Thus, for estimation purposes, it is assumed that the costs of humidification cabinets are approximately €20,000, 

for each of the approximately 100 AHUs. The investment costs for the adiabatic system would roughly be at least € 

3,000,000. In addition to this, the ducts of the ventilation system would need to be properly treated to resist the 

possibility of corrosion caused by RO water. 

 
15 Information given by RHDHV expert 
16 Information given by RHDHV expert 
17 Excluding VAT. Information given by a RHDHV specialist  
18 Information retrieved from a RHDHV project of 2016 
19 Information given by RHDHV expert 
20 Information acquired with humidifier manufacturer. 



43 
 

Moreover, the ORs and isolation rooms/ICUs in this scenario are considered to be humidified by electrical 

humidifiers. Similarly, to the previous scenario, the initial costs for this system applied to the case study would 

roughly be at least € 4,000,000. Therefore, the rough estimate for Scenario 4 is at least € 7,000,000.     

5.6 Scenario 5  

Energy costs 

Scenario 5 represents 21% of energy consumption reduction when compared to the baseline.  

• Energy costs for electricity 9,650 MWh/year ≈ € 832,800 

• The total of feedwater is 35,400m3 ≈ € 274,000 

• Total energy costs for air moisturization ≈ € 1,106,800 

Carbon footprint 

Scenario 5 has an annual total of 3,280 tonCO2 emissions. 

Investments costs 

Same as the previous scenario, investments would be needed to acquire RO systems and humidification 

systems for all the case study AHUs. The investment costs for the implementation of adiabatic systems would 

roughly be at least € 3,000,000.  

5.7 Scenario 6  

Energy costs 

Scenario 6 represents 98% of energy consumption reduction when compared to the baseline. 

• Energy costs for electricity 300 MWh/year ≈ € 25,900 

• The total of feedwater is 9,500m3 ≈ € 73,400 

• Total energy costs for air moisturization ≈ € 99,300 

Carbon footprint 

Scenario 6 has an annual total of 100 tonCO2 emissions. 

Investments costs 

In this scenario, investments are necessary to acquire RO systems, adiabatic systems and anti-corrosion 

treatment on the air ducts. A high-quality RO system, that can be combined for several humidifiers, costs 

approximately € 30,000- €50,00021. The estimation of the number of units that would be needed is not 

straightforward, as one treatment unit can supply treated water to several humidifiers. It is assumed one treatment 

unit per building that has ICUs, isolation rooms and/or ORs (16 buildings). 

The adiabatic systems are assumed to be installed in a reduced number of AHUs. According to UMCU AHUs’ 

list, there are approximately 20 AHUs that supply air to ORs, ICUs, and isolation rooms. The costs for a 

 
21 Information given by RHDHV expert 
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humidification system cabinet with an air volume capacity of 50,000 m3/h amount to approximately € 30,00022. 

However, the AHUs of the case study do not need an equipment with this air volume capacity. Thus, for estimation 

purposes, it is assumed that the costs of humidification cabinets are approximately €20,000. Thus, the investment 

costs would roughly be at least € 1,040,000. 

5.8 Scenario 7  

Energy costs 

Scenario 7 represents 82% of energy consumption reduction when compared to the baseline. 

• Energy costs for electricity 2,200 MWh/year ≈ € 190,000 

• The total of feedwater is 8,150 m3 ≈ € 14,850 

• Total energy costs for air moisturization ≈ € 205,000 

Carbon footprint 

Scenario 7 has an annual total of 750 tonCO2 emissions. 

Investments costs 

In this scenario, investments are necessary to acquire energy wheels to approximately 100 AHUs of the 

complex. The information given by a manufacturer23 is that the prices of these systems vary accordingly their 

airflow rate capacities. For the heat wheel with an extract filter with a capacity of 40,000m3/h, it is necessary an 

initial investment of approximately € 32,000. Thus, for approximately 100 AHUs being equipped with such a system 

the investment costs would roughly be at least € 3,200,000. Additionally, a few rooms are assumed to be supplied 

with locally humidified air. This humidification is done by electrical humidifiers. The costs for this application are 

the same as the estimated for Scenario 3, which is roughly € 5,000,000.  

5.9 Results’ summary 

The scenarios were scored on the functional aspects based on literature research, and the realizable aspects 

based on the performed estimations. Appendix G presents the evaluated aspects and scoring methodology. Another 

important parameter is the net savings of the life cycle costs (LCC) assessment. This is calculated based on the initial 

investment’s costs and the yearly operational costs over different periods for each scenario. For the operational 

costs, it is estimated that 20% of the total company costs are energy-related and the remainder are staff costs; in 

the scenarios in which all building users are considered, it is assumed that there will be a 2% of performance 

increase, resulting in 80% of staff costs savings.24 Table 7 presents a summary of the realizable aspects to be 

evaluated, with their graphical results depicted in Figure 23 to Figure 26. Based on this assessment, it is possible to 

know how many years it takes for each of the scenarios to have its initial investment returned.  The result of the 

scoring is shown on the Kesselring diagram in Figure 27. 

 

 
22 Information acquired with humidifier manufacturer. 
23 Contact with SystemAir, on January 28th 2020. 
24 Estimation made by TU/e expert 
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Table 7 - Summary of the Scenarios (values for air moisturization) 

Scenario 
Energy Consumption 

[MWh/year] 

Carbon 
Emissions  

[ton CO2/year] 

Energy Costs  
[€/year] 

Operational Costs  
[€/year] 

Investment Costs 
[€] 

Baseline 12,274 2,250 525,300 2,626,500 - 

1 4,200 770 167,300 836,500 - 

2 3,000 350 130,100 650,500 - 

3 3,000 1,040 273,900 1,369,500 >4,000,000 

4 11,780 3,730 1,264,100 2,275,380 >7,000,000 

5 9,650 3,280 1,106,800 1,992,240 >3,000,000 

6 300 100 99,300 496,500 >1,040,000 

7 2,200 750 205,000 1,025,000 >8,200,000 

 

 

Figure 23 - Summary energy consumption for the different scenarios 

 

Figure 24 - Summary CO2 emissions for the different scenarios 
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Figure 25 - Summary operational costs for the different scenarios 

 

Figure 26 - Summary net savings for the different scenarios 
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Figure 27 - Kesselring Diagram final scoring of scenarios 
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6 Discussion 

Scenarios 1, 2, 3 and 6 scored relatively high on realization aspects, however, they received low scores in 

functional aspects. This is due to the fact that the implementation costs and realization time are very low in 

comparison to other scenarios; additionally, it reduces the current energy consumption and carbon emissions. 

Nevertheless, the functional aspects have received low scores given the fact that: 

- Scenario 1 reduces the RH levels in all hospital areas, which can lead to some discomfort to building 

users 

- Scenario 2, 3 and 6 consider the supply of moisturized air only to few parts of the hospital which can 

also be seen as a downside for health, comfort and ESD prevention purposes. In order to improve the 

scores of these scenarios in the functionality aspects, more areas should have been considered to be 

supplied with moisturized air. 

As short-term solutions, maintaining steam as the humidification method, scenario 1 and scenario 2 

represent energy consumption improvements. By decreasing the RH levels to the minimum recommended by 

ASHRAE (scenario 1) or reducing hospital areas that are humidified to only the ones that have more strict 

requirements regarding the RH levels (scenario 2), both are solutions that can be applied in a short time span with 

no investment costs. These are the solutions with the lowest financial costs since in the UMCU case study there is 

already a power plant to supply the steam demand. However, both assume that the production of steam would still 

be made with natural gas, which is not the most sustainable solution, considering the long-term goal of reducing 

fossil fuel use. Additionally, even with the reduced demand of these scenarios, the steam losses are still implied in 

the overall system energy consumption. 

Scenario 3 considers the same parameters as scenario 2; however, scenario 3 requires investment costs for 

the application of electrical humidifiers, whereas the latter does not require any initial investments. The electricity 

costs also make this an unattractive choice. Nonetheless, advantages of this system are not using natural gas as a 

primary energy source; also, once the main steam consumer has its demand locally supplied, the system losses are 

reduced as the centralized plant would no longer be required. 

Scenario 4 and 5 scored the highest in the function aspects had poor scores on realization aspects. It can be 

assumed that it has received high scores in functional aspects because both scenarios consider humidified air being 

provided to all hospital areas, eliminating any health, electrostatic and discomfort risks for all users. Nonetheless, 

the implementation of adiabatic installations for all buildings would imply high investment costs, long realization 

time; moreover, the electricity consumption and carbon emissions would be higher than the current scenario, which 

can be assumed to be the reasons for the poor scores on realization aspects. For improving these scenarios scores 

in the realization aspects, the functions which are supplied with air humidification via adiabatic systems should be 

reduced, in order to reduce the investments and operational costs. 

Considering a long-term perspective, the implementation of adiabatic humidification is considered one of 

the best options. The investment costs, possible replacement or treatment of air ducts (to guarantee it will not be 

negatively affected by RO water) are expensive and possibly it will take years until renovation works are completed. 

Therefore, scenarios 4 and 5 which consider the implementation of this type of humidification in most of or all of 

the areas of the hospital are not the best choice from a financial perspective. In addition to this, literature research 
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has shown that not all hospital functions need to be humidified, which further rules out these scenarios as the most 

functional and realizable. Scenarios 2, 3 and 6, that only consider a few hospital areas to be humidified, are the most 

promising ones, as the investment costs can be compensated in a few years, maintaining the areas which have more 

strict requirements humidified and having low energy consumption. 

Scenario 6 is the most energy-efficient case in which only two types of hospital functions are considered 

and supplied with a highly efficient humidification system. Nonetheless, the investment costs are still very high and 

time for realization can be rather long.   

Scenario 7 is the most beneficial for all hospital zones: with the energy wheels implementation in all 

building parts, humidity levels could be kept within the comfortable range, which could improve the perceived 

indoor air quality. Moreover, the functions with stricter requirements are considered to be supplied with steam via 

electrical local humidifier, to ensure no health risk to the patients. However, the investment costs and the realization 

time are very high in this scenario. 

It can be assumed that a combination of alternatives, that would result in RH levels within the comfortable 

range for all hospital areas, would be the most optimal solution, such as solution 7. With the use of energy recovery 

wheels in large part of the hospital, there would be no need of humidification being supplied via isothermal or 

adiabatic systems; this solution has a great reduction of costs and energy consumption when compared to the other 

scenarios; additionally, scenario 7 assumes the supply of air humidification via a sterile medium (steam) in the most 

strict areas of the hospital, thus guaranteeing a high score in all functionality aspects. However, this scenario be 

could improved if adiabatic systems were assumed instead of electric humidifiers: the electricity costs would be 

fewer and the overall energy efficiency would be improved. 

The humidification energy consumption, for scenarios 1 to 6, can be reasonably estimated by the formulas 

given in Appendix D; scenario 7 was calculated with a computational tool provided by a heat recovery wheel 

manufacturer. The assumptions for these scenarios are described in Appendix E. Therefore, the obtained values are 

an estimation of the energy, CO2 emissions and costs savings of what the scenarios could represent if applied to the 

case study under these assumptions. There are many other variables which were not taken into account as the study 

case is a complex of several buildings each one with different characteristics and occupation profiles.  

Investments' costs for the adiabatic and energy wheel systems are difficult to determine since adjustments 

are needed in the air handling units and ducts, particularly in the humidification sections. The existing steam system 

does not require any investment. 

The complex heating and cooling demands would be affected by alternative systems choice. However, they 

are outside of the scope of this research. Their assessment would require extensive research focused on these 

systems alone. The focus is the air humidification, the recommended levels of air RH and possible alternatives for 

the steam demand. Research has shown that there are feasible paths to significantly reduce energy consumption in 

this system. 
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7 Conclusion and recommendations 

This research is focused on presenting possible alternatives to reduce steam use in hospital facilities. The 

main starting point is the fact that many large hospitals have their own central plant to produce and distribute steam 

to its many consumers. This system, however, results in large amounts of CO2 emissions and energy losses.  

The main research question “Which strategies can hospitals take for making the transition from centralized 

steam humidification to a more sustainable solution? is a complex question as there are many possibilities for 

centralized steam humidification to be replaced by a more sustainable option. As an initial step, an assessment of 

the hospital areas where humidification is not essential should be conducted, humidification demand reduced and 

investments on localized air humidification in crucial areas of the hospital should be done. From a long-term 

perspective, investment should be made to the adaptation of the whole hospitals' systems. To ensure comfort in the 

majority of buildings’ functions, energy-efficient energy wheels are the most optimal choice. The areas which may 

still need air humidification to be supplied by other means could have local systems, either electrical steam 

humidifiers or adiabatic. By transitioning from centralized steam plants to localized solutions, the Dutch hospitals 

could guarantee energy savings, CO2 emissions reductions and at the same time health, comfort, and safety. 

To answer subquestion 1, “Where is steam used for in hospitals?”, literature research was conducted. Steam 

is used by several consumers in a hospital environment, the main consumer being the air moisturization. In the case 

study, the current steam distribution systems are fed from a central steam network, where three boilers and an 

exhaust boiler from the CHP produce all steam to supply the demand. Due to the losses (approximately 30% of total 

steam consumption) of an extensive pipe trajectory to supply the entire UMCU complex and the significant use of 

fossil fuel, this is not the most energy-efficient and environmentally friendly solution. 

The focus on air humidification was decided based on the performed Pareto analysis of all hospital steam 

consumers of the case study, as well as conclusions drawn from the literature study. According to the present 

literature study and experts’ opinions, no conclusive evidence was found that setting the humidification to off would 

increase infection spread risk to the user’s health; however, for the thermal comfort of staff and long-stay patients, 

maintaining air relative humidity within determined ranges is advisable. The recommendation for the case study is 

to conduct a thorough assessment of each specific building situation in regard to their humidification demand. An 

example is to verify which AHUs supply treated air to critical healthcare functions as operating rooms, isolation 

rooms and intensive care units. On the buildings which do not have such functions, this study concludes that air 

humidification is not essential, and the determined ranges of RH could be achieved with alternative solutions. 

A literature study was also done to search for possible alternatives for the main steam user. This focuses 

on answering subquestions 2 and 3, “How can the biggest steam user be reduced?” and “What are the alternatives 

for centralized steam humidification in a hospital environment?”, respectively. In literature, research into other 

hospital examples and in contact with manufacturers of mechanical ventilation products, solutions such as adiabatic 

humidification and energy recovery wheels were found. These are more energy-efficient and environmentally 

friendly than the current study case situation. 

The last part of the present report attempts to answer through calculations  “How much energy savings and 

CO2 emissions reduction would the alternatives for the steam installations imply in the total demand of the UMCU?”. 

Depending on the chosen system and where it would be applied (all buildings or only a few functions), the energy 

could be significantly reduced. On 4 out of 7 scenarios, the reduction was over 75%, when compared to the current 
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case.  However, there are also passive strategies that were not analyzed via calculations, as there is a great number 

of variables, which makes it difficult to estimate the benefits of such alternatives in a complex so large as the UMCU. 

Future research should be done to assess the benefits of passive solutions to humidify hospital buildings. Moreover, 

by choosing alternatives that are independent of a centralized energy plant, the current installation losses (around 

11,600MWh) would be minimized. 

The suggested approach of 5-step method; a Pareto analysis to identify the main contributors to the overall 

CO2 emissions and energy consumption; and the Kesselring method to evaluate possible scenarios, is helpful to 

develop a strategy that can be applied in different hospital cases to achieve energy reduction requirements and to 

accelerate the path to nZEB hospital buildings. The Dutch healthcare facilities can benefit from energy savings and 

CO2 emissions reduction by applying the evaluated possible scenarios. 

This study has shown: 

• Central steam plants are not an energy-efficient solution as the distribution of steam results in a 

large share of losses and significant CO2 emissions; 

• Air humidification is the main steam consumer on hospital buildings; thus, the focus of this paper 

is to make an overview of possible solutions to the energy reduction on this consumer; 

• The applied 5-step method, Pareto analysis, and Kesselring method are an efficient strategy to 

identify different alternatives to reduce the steam demand; 

• On the short term, the departments for which air humidification is not essential for patient care 

should have the air humidification turned off; 

• As a long-term solution, it is advisable for the hospital to implement new installations to its air 

treatment systems; 

• Local humidifiers (electrical or adiabatic) should be installed to supply the departments for which 

air humidification is needed for patient care; 

• Energy recovery wheels would help to decrease the energy consumption and recover moisture 

from the air; this solution could be combined with localized humidifiers, either electrical or 

adiabatic; 

• Short term solution represents more than 50% of energy consumption decrease, whereas medium-

term and long-term solution can represent over 70%; 

• Dutch hospitals could reduce their energy consumption and CO2 emissions by transitioning from a 

central steam plant to localized humidification solutions. 
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9 Appendix A  

Literature Study 

• Air Humidification 

Patients and users’ health 

The most important aspect of air humidification in healthcare facilities regards the protection of patients 

from pathogens attacks. These pathogens can cause the named nosocomial or healthcare-associated infections 

(HAI), which are infections that can be acquired due to a stay in a hospital. Several types of research have been 

conducted with the focus on the effects of the RH in indoor environments. Arundel and Sterling have gathered 

studies in a review in 1986. Even though their findings date to over 30 years ago, they have been used until 

nowadays as a reference for other researches (Tang, 2009; Taylor & Tasi, 2018; Bronsema B. , 1997). The influence 

of RH on the abundance and air transmission of allergens, pathogens, and noxious chemicals suggests that indoor 

RH levels should be of importance when studying the indoor air quality (IAQ) (Arundel, Sterling, Biggin, & Sterling, 

1986) or proposing HVAC systems implementation. 

The indoor RH is commonly related to direct and indirect effects on buildings user’s health and comfort. 

The direct effect is the physical discomfort related to the dryness of the mucous membrane, while the indirect effect 

considers the spread of bacteria, viruses, fungi and possibly occurring chemical interactions. Higher levels of 

humidity can cause growth and increase bacteria transmission as well as thermal discomfort; lower levels of 

humidity favor blood coagulation, skin and nose drying, throat irritation, respiratory problems and thermal 

discomfort (Khodakarami & Nasrollahi, 2012). According to Arundel et al. (1986), a great portion of adverse health 

effects caused by RH levels can be reduced by maintaining indoor levels within the range of 40% to 60%. 

Few experimental studies have been done to evaluate the adverse health effects on healthcare facilities’ 

patients. Taylor et al. (2018) tracked over a 4-year period indoor environmental factors and correlated it with data 

on health and cognitive function in a care facility for the elderly. RH varied in the range of 5% to 60% in this study 

with no interventions being implemented to control indoor humidity during the research period. A significant 

correlation was reported between indoor RH and infection cases; decreased cognitive function and physiologic 

defense mechanisms. Literature shows that people with a reduced immune system, such as elderly, subjects with 

respiratory difficulties (e.g.asthma) and patients in a hospital environment are more susceptible (Arundel, Sterling, 

Biggin, & Sterling, 1986; Wolkoff, 2018; Taylor & Hugentobler, 2016) to the contamination of airborne pathogens 

that thrive in low RH since these can spread at higher rates in this circumstance. However, studying one age group 

might not be appropriate to generalize such complex matter. Regarding infection transmission, the extensive 

literature reviews of Wolkoff (2018), Mermarzadeh (2011) and Tang (2009) concluded that the relationship 

between transmission and survival of pathogenic agents and environmental factors is highly complex and mostly 

depends on the individual virus type and its physical/chemical properties. 

In this matter, a relevant scientific review is the one of Shajahan et al. (2019). The authors have evaluated 

the impacts of at least one indoor environmental factor related to the building’s HVAC systems (e.g. Indoor 

temperature, RH levels) on patients’ medical outcomes. In this review, the author presents a graph comparable to 

the one of Arundel et al. (1986). The graph from 1986 does not make a distinction between the types of virus and 
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bacteria, presenting a generalization of an optimal RH range; on the other hand, the graph presented by Shajahan 

et al. (2019) summarizes the findings of other authors, with varying ranges for the airborne pathogens.  These 

contradictory findings make it difficult to compare results due to, among other factors, inconsistency in 

experimental design, choice of variables, location and settings, demographics, diseases, patients, and the types of 

outcome measurements (Shajahan, Culp, & Williamson, 2019). 

Figure 28 shows both recommendations of Arundel et al. (1986), (ASHRAE, 2017) and conclusions of the 

research made by Shajahan et al. (2019) . In this figure, it is possible to see the comparison of recommended RH 

values in 1986 and the current recommended range. Also, this highlights that the optimal RH range in healthcare 

settings is an area of active research and the contradictory results of previous studies (Shajahan, Culp, & Williamson, 

2019). Furthermore, this field of research would benefit by acquiring more quantitative data from hospital facilities 

that document their chosen RH settings range and the reasons behind their decision-making. 

  

Figure 28 - Optimal RH range for human comfort and health according to Arundel et al. (1986), ASHRAE (2017) and Shajahan et al. 

(2019) 

In more recent examples, ASHRAE (2017), recommends in hospital building functions a minimum RH limit 

of 30% or even 20% in determined hospital areas, and a maximum of 65%. This reduction decision was made as no 

clear evidentiary basis was found by several advisors (Singer, 2010) and literature to keep the minimum RH levels 

higher, consequently using it as a strategy to reduce the associated energy consumption. This control range does 

not define strict boundaries either for maximum or minimum RH limits (ASHRAE, 2019), but it defines the 

recommendations for healthcare facilities. 

The counter-arguments to the optimal zone for humidity levels, as stated by Memarzadeh (2011), on the 

author’s literature review, are the lack of conclusive evidence that a single environmental factor (e.g. temperature, 

humidity) can be universally applicable to the vast variety of infectious viruses, although the survival of these 

pathogens and other infectious agents can partially depend on the RH levels. The standardized ranges for low, 

medium and high RH and temperature, therefore, vary as there are no sufficiently clear scientific determinations 

(Mermarzadeh, 2011). 

0 10 20 30 40 50 60 80 90 100

Gram-negative bacteria

Airborne gram-positive bacteria

Fungi

Optimal zone 

(Arundel, et 

al., 1986)

Viruses (with lipid envelops)

Viruses (non-lipid envelops)

Favorable RH ranges (%)
Microorganisms

Optimal zone           

(ASHRAE, 2017)

70



60 
 

Many studies (Tang, 2009) (Mermarzadeh, 2011) (Shajahan, Culp, & Williamson, 2019) have focused on 

relating health risks to air RH levels and pathogens survival and their transmission in indoor environments. 

Pathogens can be directly or indirectly transmitted. The direct transmission can occur via direct contact with 

another patient or via the respiratory route. The microorganisms can be transferred from surface to surface and 

from source of transmission to other patients. This transmission is usually related to hand hygiene (Istenes, 

Bingham, Hazelett, Fleming, & Kirk, 2013) and respiratory route.  

The indirect transmission occurs via inhalation of small respiratory droplets that are small enough to 

remain airborne. Respiratory droplets can be a vector of transmission of an infectious pathogen that may contribute 

to disease propagation. These spray droplets are released in the air during acts such as coughing, sneezing, talking 

and breathing can spread within the air.  

According to Arundel et al. (1986), the prevalence of airborne-infectious pathogens depends on six factors: 

the settling rate of aerosols, the survival of airborne pathogens, the number of infected people producing 

contaminated aerosols, the number of susceptible, the length of exposure and the ventilation rate. The indoor RH 

can affect two of these factors (Arundel, Sterling, Biggin, & Sterling, 1986): the settling rate of aerosols and the 

survival of airborne pathogens. 

The survival of infection by a pathogen may also be affected by their own organic properties (e.g. bacterial 

or viral coating, microorganism resistance to antibiotics or antiviral treatment) and the defenses of the patient (e.g. 

immune system). Pica et al. (2012) stated that transmission of airborne viruses is, among other environmental 

factors, affected by ambient humidity as it affects the droplet size by making the water content evaporates and 

decrease the efficiency of the transmission. The size of the particle is important to the transmission as large particles 

(>5 μm)  fall rapidly to the ground or the nearest horizontal surfaces due to their weight being transmitted only 

over a limited distance(< 1m) (Atkinson, Chartier, Pessoa-Silva, Jensen, & Li, 2009). However, these can still be an 

infection transmission source as they get re-suspended during cleaning activities (e.g. sweeping, bed-making). 

Smaller particles (≤5 μm) can remain suspended in the air for longer periods of time, consequently allowing them 

to travel over distances greater than 1 m. 

Nevertheless, viral infections are attributed to only 5% of HAI, even though this value may be 

underestimated (Aitken & Jeffries, 2001); whereas 90% of all nosocomial infections are caused by bacteria 

(Mermarzadeh, 2011). Although it is presumed that humidity affects the viability of bacteria in the environment 

there are few conclusive studies that support this (Mermarzadeh, 2011). In hospitals, patients, with opened wounds 

or reduced immune defenses, are very susceptible to acquiring infections in environments with many airborne 

pathogens. These micro-organisms, which can be resistant to survive anti-bacterial treatments and normal cleaning 

procedures, can spread at a quick rate and find suitable hosts in the patients. 

The study of Tang (2009) reports that most respiratory viruses can survive longer at low RH (20-30%), 

whereas other types of respiratory viruses can survive in high RH conditions (>60%) (Tang, 2009). The analysis 

with the survival of airborne bacteria is more complex than with viruses (Tang, 2009), since these pathogens  (even 

with the same structural classification) do not respond to environmental factors in the same manner. The literature 

review of Shajahan et al. (2019) has included other authors whose findings had similar results as Tang (2009). The 

findings are shown in Table 8 and Table 9. 
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Table 8 - Viruses survivability and low and high relative humidity levels 

Viruses that survive longer at low RH (Tang, 2009; 

Shajahan, Culp, & Williamson, 2019) 

Virus that survive longer at high RH  (Tang, 2009; 

Shajahan, Culp, & Williamson, 2019)  

- Influenza (<50%) 

- Para‐Influenza virus (20-30%) 

- Coronavirus (<50%) 

- Syncytial virus (20-30%) 

- Parainfluenza viruses (20-30%) 

- Measles (20-30%) 

- Rubella (20-30%) 

- Varicella-zoster virus (20-30%) 

- Lassa fever virus (<50%) 

- Adenoviruses (70-90%) 

- Enterovirus (70-90%) 

- Rhinoviruses (70-90%) 

- Poliovirus (>50%) 

 

Table 9 -Bacteria survivability and low and high relative humidity levels 

Bacteria that survive longer at low RH (<50% RH) 

(Tang, 2009; Shajahan, Culp, & Williamson, 2019) 

Bacteria that survive longer at intermediate and high 

RH (>60%) (Tang, 2009; Shajahan, Culp, & Williamson, 

2019) 

- Serratia marcescens  

- Escherichia coli  

- Proteus vulgaris 

- Klebsiella pneumoniae  

- Staphylococcus epidermidis 

- Streptococcus haemolyticus 

- Bacillus subtilis  

- Streptococcus pneumoniae 

- Enterococcus faecalis 

- Pseudomonas  

- Enterobacter 

- Klebsiella 

- Salmonella seftenberg 

- Pseudomonas aeruginosa 

- Chlamydia trachomatis 

- Listeria monocytogenes 

 

On the other hand, other studies as Shaman and Kohn (2009) and Shoji et al. (2011) showed that the 

influenza virus transmission efficiency more closely correlated to absolute humidity (AH) instead of RH. 

Furthermore, Memarzadeh (2011) has concluded that there is a multitude of factors involved in the spread of 

infectious diseases and further risk assessment should be made in specific cases. These are temperature, humidity, 

ventilation rate, population density, the period of exposure, number of infected people producing contaminated 

aerosols, type and degree of invasive procedures, contact with a carrier, immuno-epidemiology, amongst others.  

This discussion is an attempt to determine useful guidelines for humidity levels. In hospital areas, which 

are focused on patient treatment, these guidelines must consider the survival and infectivity of airborne pathogens. 

Nonetheless, no single environmental factor is independently responsible for the spread of infectious diseases 

(Mermarzadeh, 2011).  

The general agreement of studies is that air RH levels are an important research topic, and many studies 

attempt to present guidelines for impeding the growth and transfer of microorganisms through the air in a building. 



62 
 

The studies (Aitken & Jeffries, 2001; Tang, 2009; Mirhoseini, Nikaeen, Khanahmad, Hatamzadeh, & Hassanzadeh, 

2015; Arundel, Sterling, Biggin, & Sterling, 1986; Obbard & Fang, 2003; Taylor & Tasi, 2018; Pica & Bouvier, 2012; 

Shajahan, Culp, & Williamson, 2019) show that RH and temperature do impact the environmental survival and 

transmissibility of a group of microorganisms. These organisms need water and nutrients to develop and therefore 

easily spread in areas where the humidity condensates and forms stagnant water, as for instance, inside air ducts. 

However, the studies' recommendations for maintaining determined air humidification levels and significantly 

reducing the number of airborne infections are far from a consensus. 

According to the literature review of Mermazadeh (2011), most studies regarding the RH effects on 

pathogens’ transmission between humans do not consider the time period spent in the space in relation to the 

environmental conditions. Furthermore, the author states that there is no conclusive evidence to determine the 

minimum or maximum RH levels to reduce viral survival or its ability to cause an infection. Additionally, due to 

contradictory results in the literature, it is difficult to make evidence‐based decisions regarding the optimum ranges 

to improve patient outcomes (Shajahan, Culp, & Williamson, 2019). Furthermore, not many studies have gathered 

patient-oriented evidence to formulate guidelines for hospitals. Most studies are focused on laboratories and 

simulation‐based research. Therefore, contact with professionals in the area is important to correlate the 

importance of environmental aspects with patient’s outcomes. 

Research conducted by Zarzycka (2019)  has revealed specialists’ opinions about the most influential 

parameters to infection spread inside operating theatres. The results of the questionnaires are shown in Figure 29.  

The specialists were asked to evaluate the parameters with scores between 1 to 4. The total amount of points given 

to RH is one of the lowest on the parameter list. Hygiene measures of the medical team are evaluated as the most 

significant.  This result is in accordance with the interview with an infection prevention specialist, Lia Graaf-

Miltenburg, who works on this field for over 20 years at the UMCU. According to her expertise amongst the 

environmental factors that most affect infection spread within the hospital; humidity levels are not very significant 

(Appendix I). The most significant ones are mechanical ventilation and hygiene conditions of the environment 

(handwashing habits, instrument sterilization); also, pollution in the air. Most diseases are spread through direct 

and indirect contact, infectious diseases spread through the air are fewer. Therefore, the humidity levels, alone, are 

not to be considered a significant factor, even in the strictest environments such as ORs. Other factors in 

combination with RH may lead to nosocomial infections, but this factor should not be relevant independently. The 

RH control for most zones does not concern infection control, but it is more related to the need for providing comfort 

for the staff. 
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Figure 29 - Results of questionnaires with experts’ opinion about infection prevention in Operating Theatres (Zarzycka, 2019) 

Moreover, as stated by Mermazadeh (2011) there is no clinical evidence or research that shows any 

correlation between a minimum level of humidity and wound infections in short-stay patient spaces. Thus, 

decreasing the RH levels, from what was initially recommended by Arundel et al. (1986), in spaces such as ORs and 

other short term stay areas carries little, if any, additional risk to the patient (Mermarzadeh, 2011). As suggested by 

Mermazadeh (2011) an optimal solution to prevent infection transmissions would be a site-specific risk assessment 

that includes a review of local conditions prior to defining the appropriate temperature and humidity for each 

situation.  

Electrostatic discharge 

Air moisturization can be an asset to protect hospital machinery against the damage caused by ESD. This 

phenomenon occurs when differently charged objects are brought close together (Kolyer & Watson, 1999). 

Uncontrolled ESD may cause sparks and unpleasant effects or even more serious hazards to one’s health. Regarding 

ESD complaints Viheriäkoski et al. (2014) have reported incidences of ESD during cold and dry winters periods. The 

indoor RH was on average RH=27%, with moisturization in the supply air. These findings show the increased risk 

of ESD being evident in low humidity conditions. 

ESD can be a serious hazard to the built environment since sparks generation can cause the ignition of 

flammable gasses and liquids. Environments such as laboratories and hospitals usually have a high concentration 

of oxygen and other gases that can be ignited. Static electricity at low humidity in operating rooms, for example, can 

sometimes result in the risk of discharges interfering with electronic equipment and the risk of explosion in the 

presence of explosive gases (Viheriäkoski, et al., 2014).  

Moreover, ESD can happen between a staff member’s hand and hospital machinery. Even in low voltages, 

it can cause damages to equipment circuits (Kolyer & Watson, 1999). The damage can vary from turning off the 

machine, wrong measurements, destruction of some components and it may irreversibly compromise the 

functioning of expensive machinery. 

Viheriäkoski et al. (2014) research also states that electrostatic control should be done not only for the ESD 

and ignition risks but also because static electricity increases the deposition of airborne bacteria onto surfaces with 

an electrical potential, which could then increase the incidence of hospital infections. Moreover, Nordstrom et al. 

(1994) have reported that weekly exposure to static electricity is related to eye irritation and general sick building 
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syndrome (SBS) symptoms. This relationship, however, is not yet clear, but the authors argue that one possible 

explanation can be the deposition of charged particles in the eyes. 

The ESD Handbook (2008) recognizes the importance of the moisture level in the indoor air for the 

prevention of uncontrolled ESD. The recommendation is maintaining RH levels within a range of 30 to 70% since it 

is considered appropriate and beneficial for significantly reducing problems associated with static electricity. The 

formation of a thin moisturized layer on the object surfaces helps to spread the charges by reducing their 

concentration on a certain area. However, ESD control in hospitals can be based on other factors, besides minimum 

RH levels, such as grounding conductive objects and materials’ selection (e.g. flooring) in which operating machines 

and metal objects are located (Viheriäkoski, et al., 2014). 

Users ‘comfort 

According to the holistic view of Looze et al. (2003), comfort can be defined as the sensation of physical and 

mental well-being a person experiences in a certain environment. Hence, comfort is a subjective parameter that can 

be affected by factors of various nature (physical, psychological and physiological) and external influences (e.g. the 

surrounding environment). The parameters most reported in the literature research25 for contributing to the 

general sensation of well-being are thermal comfort (measured by temperature, RH and airspeed) and air quality 

(measured in terms of fresh air percentage, CO2 concentration, volatile organic compounds (VOC) and 

microorganism concentration).  Air RH levels can play a role in user thermal comfort and SBS effects. These are 

important parameters to consider in regard to the well-being and performance of staff and long-stay patients.  

Most experimental studies relating environmental factors carried on hospitals focus on users’ thermal 

comfort. In general, the authors Skoog et al. (2005), Derks et al. (2018), Hashiguchia et al. (2008) investigated the 

thermal comfort for hospital users (e.g. patients and/or staff), have concluded from their surveys that in hospital 

environments dryness of air is a common complaint. Although, on the experiment of Norback et al. (2000) SBS 

symptoms and perceived IAQ had no significant changes in the groups subjected to low RH levels. 

Skoog et al. (2005) pointed out that a different value of RH (44.5% in the summer and 18.9% in the winter) 

did not affect the mean results of the survey regarding the dry air perception. Derks et al. (2018) performed their 

measurements during summer and autumn and the measured RH was kept within on average 30–60% for both 

periods, but the staff members reported dryness of air as the most common complaint. Skoog et al. (2005) has 

suggested that the resulted dry air perception is in line with earlier findings that show that humans have difficulties 

assessing the RH.  

In this regard, the authors reflect that there are possible confounders for the causes of these outcomes. 

Skoog et al. (2005) suggests that the staff is prepared for the air to be dry and therefore do not perceive it to be as 

dry as the patients do; also it is important to consider medications for some patients as another reason for their 

perception of dry air; Derks et al. (2018) mention as an additional factor the frequent use of alcoholic hand gels as 

hand sanitation, which can result in skin irritation caused by dryness of the skin; and also the possibility of an 

expectancy factor among the staff, meaning that the slightly drier environment during the heating period could still 

act as a cause for dry air complaints in other periods.  

 
25 References: (Fang L. , Wyon, Clausen, & Fanger, 2002) (Skoog, Fransson, & Jagemar, 2005) (Norbarck, 

2009) (Wolkoff & Kjaergaard, 2007) (Khodakarami & Nasrollahi, 2012) 
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The results of Hashiguchi et al. (2008) also suggest a distinction between hospital’ users. An increase in the 

RH level during winter can decrease the thermal discomfort and air dryness complaints among the staff, though not 

among the patients (Hashiguchia, Hirakawaa, Tochiharaa, Kajib, & Karaki, 2008). These conclusions show that there 

exists a clear difference between the thermal perception of between patients and staff. Visitors, which are also part 

of hospital users, were not considered as part of research by any of these authors, which could lead to other results 

of the indoor air humidity perception. 

Khodakarami et al. (2012) review presents the outcomes of papers regarding thermal comfort in hospitals. 

This literature study has pointed out that many experimental pieces of research focused only on one building and, 

in general, looked only to one user type (e.g. either staff or patient), which may be regarded as an incomplete scope 

of research. It is therefore important to reconcile the different thermal comfort conditions required by different 

occupants in hospitals. 

In order to broaden the range of literature related to the influence of RH on its user’s health and thermal 

comfort, literature reviews that compiles studies regarding other buildings types have high relevance. These cover 

a wider scope regarding users’ thermal comfort, SBS symptoms and infections spread.  Wolkoff (2018) provides an 

extensive list of studies that show the possible effects of the indoor air humidity in eyes and upper airways. The 

conclusion the author presents is that an increase in the indoor air humidity can have a positive effect on the 

perceived IAQ and work performance; decrease eye, nasal and throat dryness symptoms. 

Fang et al. (2003) and Wyon et al. (2006)  have extensively conducted experiments to analyze the possible 

correlations between temperature and RH in office building occupants. Their conclusion is that in clean air 

environments in extremely low RH (5%) the subjective perception of air dryness is not worse than “slightly dry” 

(Wyon, Fang, Lagercrantz, & Fanger, 2006); low RH levels can caused office staff performance decrease (Wyon, Fang, 

Lagercrantz, & Fanger, 2006) and on clean air situation, RH=5% can cause slight SBS symptoms (e.g. eye dryness), 

the symptoms are aggravated by pollution in the air rather than the RH levels (Fang, Wyon, & Fanger, 2003). Figure 

30 shows that the effect of reducing the air RH from 30% to 5% on the perceived IAQ is not significant for the general 

sensation of discomfort. 

 

Figure 30 - The effect of low humidity on perceived IAQ below 30% is not very significant (Wyon, Fang, Lagercrantz, & Fanger, 

2006) 

Other observations regarding the levels of humidity, is that it alters the comfort perception of air 

temperature and by affecting the skin transpiration, as it affects the human internal energy balance (Faizal, Zakaria, 
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Hasan, Anuar, & Ghazali, 2011). Nevertheless, there is no consensus regarding the effects of RH in comfort 

perception.  As reported by Skoog et al. (2005), earlier studies have shown that people have issues assessing the 

perceived air RH; the paper of Skoog et al. (2005) cites Rengholt (1991) who has concluded that a difference of 

between 30–70% RH has little impact on the perception of comfort. However, authors Nordstrom et al. (1994)  and 

Fang et al. (2002) believe that an appropriate level of RH helps to prevent excessive skin, eye, and nasal dryness. 

These symptoms are usually related to SBS symptoms:  

• Tear film deterioration; 

• Eye dryness; 

• Irritation of the nose and throat; 

• Asthma; 

• Skin dryness; 

• Headache; 

• Fatigue; 

• Irritability.  

One of the most reported causes to worsen the symptoms is the low RH conditions (Norbarck, 2009; Fang 

L. , Wyon, Clausen, & Fanger, 2002). Wolkoff et al. (2007), on the other hand, questions whether the symptoms of 

SBS are a direct effect of low RH, or if it simply exacerbates the development of the symptoms. The authors’ 

conclusion is that the understanding of the RH as a major cause of the perceived dry air and poor IAQ (consequently 

leading to SBS symptoms) is far from being well-determined (Wolkoff & Kjaergaard, 2007).  

Nordstrom et al. (1994) investigated the effects of air humidification on the SBS and how the indoor air 

quality was perceived in Swedish hospitals during wintertime. The indoor RH in well-ventilated Swedish hospital 

buildings during this season is usually between 10-35%. By raising the RH to 40-45% of a few AHU’s and having 

others with no humidification, their study concluded that moderate steam humidification during the winter season 

(RH=35-45%) reduces the prevalence of airway irritation and throat symptoms, sensation of air dryness, and static 

electricity. However, other researches, on office buildings (Reinikainen, Aunela-Tapola,, & Jaakkola, 1997) 

concluded that humidified air can be perceived as more odorous and stuffy by the building users and consequently 

decrease the perceived IAQ. 

These field studies were conducted on a similar basis. The investigated buildings were equipped with 

mechanical ventilation with both supply and exhaust air, but without air humidification or air-cooling devices. The 

RH in a building area was increased to 35-45% whereas a control area would remain with no air humidification on 

the AHU, having indoor air with 20-30% of RH. These studies show examples of offices and hospital buildings 

located in Scandinavia, which represent colder climates than the Netherlands, however, none of the investigated 

buildings use humidification systems. This observation raises the question of whether the minimum requirements 

for RH in the Netherlands should be revised. The following section describes what is defined in the current 

standards. 

Relevant guidelines 

Air handling specifications and outputs are strictly regulated by regional, national and international 

standards according to the type of environment to be treated. Operating rooms, for example, require the strictest 
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temperature-humidity and air quality standards; whereas other patients and medical rooms conditions are more 

flexible. 

Among many other parameters the main ones being regulated are: 

• the temperature acceptable range; 

• RH acceptable range; 

• the number of hourly (fresh and total) air changes required while a certain area is in use. 

Other parameters include the cleanliness class and type of filters, type, and location of air vents, airspeed, 

type of airflow, presence of anesthetic gas, noise level, to name a few. Moreover, the management of the risk 

regarding Legionella is generally established by national-level regulations.  

In the Netherlands, there are several guidelines which focus on the comfort parameters, such as the 

Building Decree (Bouwbesluit) and guidelines of professional medical associations as Ophthalmic Society and 

Infection Prevention Working Group (Werkgroep Infectiepreventie). However, there is no general standard on 

which all hospitals should base their services systems values. Most guidelines found on literature research for Dutch 

regulation refer to operating rooms and are presented in Appendix B. As many international standards, the main 

parameters regulated are the acceptable temperature and RH range. 

The guideline for the prevention and monitoring of Legionellosis is described by Richtlijnen ISSO 55.3 

Publicatie 2014 and by a report of TNO (2009), which has set all the measures and provisions to prevent the 

proliferation of Legionella. ISSO 55.3 prohibits the use of systems that cause water stagnation and recommends 

against those that recirculate water within the AHU. In adiabatic humidifiers, incoming water quality should be 

periodically checked in relation to the results of the Legionellosis risk assessment and must never exceed bacterial 

load threshold levels. Moreover, this guideline prescribes the application of steam humidifiers for operating rooms 

and intensive care. Given the sensitivity of patients in the operating rooms and intensive care units for every form 

of bacterial infection, other humidifier types are discouraged. 

Due to the concerns about energy consumption by hospitals, the air humidification type, needs and control 

settings are being currently investigated to be altered in certain parts of hospital buildings. For instance, ASHRAE 

in 2017 has changed its minimum RH limit of 30% to 20% (ASHRAE, 2017) in determined areas. This decision was 

made as no clear evidentiary basis was found by several advisors (Singer, 2010) and literature (ASHRAE, 2019) to 

keep the 30% RH in all areas, consequently using it as a strategy to reduce the associated energy consumption. 

Ongoing debate 

There is conflicting information in the literature about RH levels in hospital environments on health 

hazards, physiological effects, and air dryness perception. As mentioned in the previous sections the topics of 

infectious pathogen’s transmission and user comfort perception do not have a consensus between literature studies. 

Furthermore, no clear evidentiary basis is given literature to have strict minimum RH levels. Evaluating 

such measures requires assistance from an environmental hygienist, infection prevention experts or other 

specialists on exposure assessment in hospital environments. The healthcare facility may have to evaluate the 

infection risks in determined areas in order to establish their proper RH range (ASHRAE, 2019). 

In order to obtain more information regarding this discussion, an interview with hospital experts was 

conducted. The infection prevention specialist of UMCU has stated that low RH levels, alone, are not a significant 
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factor to be considered as a threat to patients’ health. Moreover, Erwin Spijker, a project consultant who works with 

hospital projects in Sweden also added insights to this discussion. The consult revealed that the majority of hospitals 

in Sweden do not use humidification devices in their HVAC systems, even though during winter the indoor RH often 

falls below 20%. To overcome the indoor low RH levels, the AHU’s in most Swedish hospitals are equipped with 

heat recovery wheels, and some count with enthalpy wheels for moisture recovery, even though this is not a 

common solution to all departments (e.g. operation theaters and sterilization departments). Very few hospitals 

maintain humidifiers connected to the operating theatres’ systems.  A couple of decades ago most Swedish hospitals 

were equipped with humidifiers; however, due to high energy costs derived from steam usage and risks of bacteria, 

which can be transmitted without the proper maintenance of the humidifier installations, these installations were 

removed. This information is corroborated by Skoog et al. (2005). 

Moreover, the only recommendation regarding RH on the Swedish SIS-TS 39:2015 standard is that 

“humidification of indoor air poses practical problems26 and costs and should, therefore, be avoided. In the rare 

cases when the air needs to be humidified, this should primarily be done by steam humidification preventing 

microorganisms to grow”27. In the case of the Netherlands, there are not many guidelines for RH levels in most of 

the hospital zones. 

According to Spijker’s own practical experience with hospital projects, in the near future, the buildings will 

be equipped with humidifiers for specific rooms or departments, such as operation and intensive care units, due to 

stricter requirements. An example of this prediction is a hospital project in Gothenburg, where some AHUs are being 

designed with an empty section to enable a humidification device if needed. 

Additionally, interview with staff of the case study has shown that the reduction of RH levels at determined 

buildings has not resulted in an increase of complaints due to dry air or increase of patient stay duration. This 

information reinforces the knowledge gathered with the literature study that RH may not be necessary for all parts 

of the hospital environment. Professionals (Zarzycka, 2019) consider contact contamination as the main source of 

transmission, recommending proper sanitizing of hands and building surfaces (e.g. floor, bed, etc.). Therefore, the 

moisturization in HVAC systems has a limited effect on hospital users.  

Conclusion of the chapter 

This first chapter of the literature study has shown the most cited reasons in literature for maintaining air 

humidification in a hospital environment. The effects of RH on health and comfort, however, still have conflicting 

points on literature and remain a relevant topic of active research. There is insufficient evidence on literature to 

state with certainty that low RH levels in a healthcare facility can significantly influence the airborne survival and 

transmission of pathogens.  This uncertainty of low RH impacts on building users is being considered in order to 

revise the minimum RH level setpoints. This action is being undertaken in order to reduce the energy consumption 

on hospital buildings.  

The discussion with a professional in the area has made clear that legislation in a country with extremely 

cold winters do not recognize the low-indoor RH posing health risks to the patients or staff.  Moreover, other 

professionals do not consider RH levels as significant parameters for infection spread. These statements point out 

 
26 Humidifiers can be a source of allergenic bacteria or fungi 
27 Translated from Swedish 
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that humidification in certain areas of a hospital building may remain necessary whereas in other zones it could be 

deactivated. 

It can be gathered from the literature that no single factor is responsible for the spread of infectious agents, 

whether it is bacterial, viral or fungal.  The conducted studies relating the effect of low air RH levels on HAI, thermal 

discomfort and SBS symptoms are inconsistent and therefore not sufficient to define a conclusive optimal range to 

be applied in all hospital areas. In addition to this, literature does not clarify whether the effects of low RH may have 

been confounded with other factors such as indoor air pollution and temperature. Thus, the most secure form of 

guaranteeing user’s safety is to perform a risk assessment, with a team of medical staff, infection hygienists and 

facility engineers, for the use of the facility. This assessment should consider a balance between reduced infectious 

disease transmission risks, levels of condensation, patient comfort and the period of occupancy in the indoor 

environment while aiming to reduce the overall energy costs. 

• Steam humidifier types 

Isothermal humidifiers 

The system is defined as isothermal because it consists of a humidification process in which the air moisture 

is increased without significant alterations in the air temperature. Humidification is produced by isothermal 

systems using heat from an external source. Isothermal heat sources are electricity, natural gas, and hot water. 

These sources are used to boil water into steam. The steam is then distributed through the mainline to arrive at the 

AHU and released into the rooms. According to reports (Barker, 2016; Carel Industries, 2016), the energy consumed 

for the change of state is approximately 0.73-0.80kW to produce 1kg/h of steam. 

The most common types of isothermal systems are: 

• immersed electrode; 

• heater; 

• gas-fired; 

• direct steam. 

• Immersed Electrode Steam 

Electrodes inside a steam generator cylinder use water as a resistive element, which means that this system 

works based on the electric current passing through the feedwater until it boils and creates steam. This humidifier 

type does not function with purified water, therefore steam-generating cylinder cleaning or replacement operations 

must be carried out frequently, due to the salt content of the water (AHRI). 

It is considered a simple and economical solution; however, the main limitation is its poor precision, which 

rarely exceeds ±5% RH (Carel Industries, 2016). Figure 31 depicts the internal components of this humidifier type. 
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Figure 31- Electrode humidifier components (Condair) 

• Heater humidifiers 

Heater or resistive electric humidifiers are the ones in which one or more resistive heating elements, 

submerged in a cleanable stainless-steel tank, are used to heat and transform water into steam (AHRI). This system 

works with both treated and non-purified water; they can also be very accurate (approximately 1-3% (Carel 

Industries, 2016; driSteem, 2013)). Figure 32 shows an example of a resistive humidifier and its components. 

 

 

Figure 32 - Resistive humidifier components (Condair) 

• Gas-fired humidifiers 

These use natural gas or propane as an energy source. The gas is burned inside a submerged (in water) 

heat exchanger to produce steam (AHRI). The production is regulated by adjusting the gas supply. This steam 

humidifier type can use treated or non-purified feedwater. Figure 33 shows an example of a gas-fired humidifier 

and its components. 
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The main advantage of this steam humidifier is its power supply lower cost compared to electricity, 

meaning this solution is more economical where gas has a lower price.  

 

Figure 33 - Gas-fired humidifier components (Condair) 

• Direct steam humidifiers 

The fourth most typical type of humidifier that can be implemented in an isothermal system is the direct 

steam humidifier. These are designed to receive pressurized steam from a central boiler plant and distribute the 

steam directly into an AHU or ducts. Thus, they are the distributors of the isothermal system. It is advantageous to 

use when the building already counts with its own power plant. Figure 34 shows an example of a direct steam 

humidifier to be installed in an AHU or duct. 

 

Figure 34- Direct steam humidifiers are part of the distribution network used to provide humidification to an AHU or duct (Condair) 

Table 10 - Summary of Isothermal Humidifiers28 

Energy Source Advantages Limitations 

Immersed 

Electrode 

+ Sterile medium (Carel Industries, 

2016; AHRI; Armstrong International) 

+ Low initial investment (AHRI; 

driSteem, 2013) 

- Requires replacement (or cleaning) of 

the cylinder (Carel Industries, 2016; 

AHRI; driSteem, 2013) 

 
28 Table created by merging different reports and humidifier manufacturer companies      

Control 

Stainless steel 

construction 

Gas-fueled steam 

humidification 

Exhaust gas 

Water inlet 

Heat exchanger chamber 
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+ Compact size (AHRI; driSteem, 

2013) 

+ Easy assembly (driSteem, 2013) 

- Does not work with purified water 

(Carel Industries, 2016; AHRI) 

- Performance can be adversely affected 

by long steam distribution pipe runs 

(AHRI) 

- Higher maintenance cost than resistive 

type (driSteem, 2013) 

- Poor RH control capability (±5%) 

(Carel Industries, 2016; driSteem, 2013) 

- Not suitable for high demand 

(driSteem, 2013; Armstrong 

International) 

- High energy costs (when compared 

with gas) (Carel Industries, 2016) 

- High energy consumption (Barker, 

2016; Carel Industries, 2016) 

Heater (resistive) + Sterile medium (Carel Industries, 

2016; AHRI; Armstrong International) 

+ Precise RH control (1-3%) (Carel 

Industries, 2016; driSteem, 2013) 

+Lower maintenance cost than 

electrode type (driSteem, 2013) 

+ Suitable for high demand (driSteem, 

2013) 

+ Dispersion at AHU or in-duct 

(driSteem, 2013) 

+ Function with both mains and treated 

water (e.g. deionized, Reverse Osmosis 

softened water) (Carel Industries, 

2016; AHRI; driSteem, 2013) 

- Higher initial cost than electrode type 

(driSteem, 2013) 

- High energy costs (when compared 

with gas) (Carel Industries, 2016) 

- High energy consumption (Barker, 

2016; Carel Industries, 2016) 

-Performance can be adversely affected 

by long steam distribution pipe runs 

(AHRI) 
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Gas + Sterile medium (Carel Industries, 

2016; AHRI; Armstrong International) 

+ Suitable medium to high demand 

(Barker, 2016; driSteem, 2017) 

+ Low energy costs (when compared 

with electrical humidifiers) (Carel 

Industries, 2016) 

+ Function with both mains and treated 

water (e.g. deionized, Reverse Osmosis 

softened water) (Carel Industries, 

2016; AHRI; driSteem, 2013) 

- Use of natural gas (AHRI) 

- High energy consumption (Barker, 

2016; Carel Industries, 2016) 

- Performance can be adversely affected 

by long steam distribution pipe runs 

(AHRI) 

- Higher initial investment (when 

compared with electrical humidifiers) 

(AHRI; Carel Industries) 

Direct steam + Sterile medium (Carel Industries, 

2016; AHRI; Armstrong International) 

+ Suitable for wide-range of capacities 

(AHRI; Armstrong International; 

driSteem, 2017) 

+ Short to moderate absorption 

distance (Carel Industries) 

+ Low operative costs (AHRI) 

+ Fewer energy losses due to 

condensation (Carel Industries) 

- Complex installation (AHRI; Carel 

Industries) 

- Requires maintenance (AHRI) 

- High energy consumption (Barker, 

2016; Carel Industries, 2016) 

-Limits in control of steam output 

(AHRI) 

- Requires availability of a steam boiler 

(AHRI) 

Conclusion of the chapter 

From the literature study and manufacturers' brochures, it can be understood that isothermal humidifiers 

have low investment costs but high operating costs. Their application is preferable for small-medium capacities or 

when required by the standards. Gas-fired humidifiers are recommended for larger systems, as immersed 

electrode/heater humidifiers require more electricity. The differences between the two last ones strongly depend 

on the chosen model, but it is possible to state that heater humidifiers are easier to maintain and are more flexible 

in terms of supply water and modulation. However, they require a higher initial investment. 

• Alternatives for steam use in hospitals  

Air humidification 

Adiabatic humidifiers 

An alternative for steam in air humidification is the use of atomizing humidifiers, also known as adiabatic 

humidifiers. On this system, the water is vaporized in micron size droplets directly into the air. In the Netherlands, 
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the standard ISSO-55.3/2014 and a report from TNO (2009) describe the proper water treatment for being used in 

this type of system.  

The treated feedwater is transformed into vapor by the adiabatic systems with the use of heat from the 

surrounding air. Adiabatic humidifiers cause the direct evaporation of water into the air without the need for 

outside power. The process consists of a high-pressure pump propelling the purified, unheated water through 

dispersion nozzles that produce ultra-fine water droplets (Natural Resources Canada’s Office of Energy Efficiency, 

2018). The high-pressure atomizing system uses heat in the air for evaporating the water droplets.  

The main advantage is the extremely low power consumption: these humidifiers only require power for 

atomizing the water into small drops with a diameter of a few microns, using a pump. As reported by Carel 

Industries, each kilogram of water evaporated absorbs approximately 0.69 kWh of heat from the air. 

In winter, the heating coil will have to pre-heat air more than the steam humidification system, since it has 

to compensate for the cooling effect of evaporation, but total consumption will remain low. In the summer, the air-

cooling effect can be used to reduce more energy costs in case it is needed to cool and humidify the air at the same 

time.  

Adiabatic technologies safe for healthcare environments are: 

• high-pressure atomizers; 

• ultrasonic atomizers; 

• hybrid humidifiers; 

• de-correlation humidifier 

A few adiabatic humidifier types were not mentioned in this study because they were not cited in the 

literature as suitable for hospital applications and due to recommendations of (TNO, 2009) some types should not 

be allowed for healthcare facilities. Wetted media humidifiers types (such as spray) use recirculation, and due to 

the great risk of Legionella contaminations, their use is limited. All other adiabatic humidifier types without 

recirculation, provided that these are Legionella safe in relation to the assessment given in the national health and 

safety guidelines, are permitted for application in hospitals, with the exception of operating rooms and intensive 

care. 

• High-pressure atomizers 

Pressurized water humidifiers use a special high-pressure pump (generally 70 bars (Carel Industries)) as 

potential energy transferred to the water, to achieve very fine atomization through very small nozzles. This 

application is suited for AHU or in-duct distribution systems, equipped with nozzles that atomize the water to be 

absorbed into the air.  
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The atomizer units can be very accurate on the RH control (approximately 2% (Carel Industries, 2016)) 

and energy-efficient performance: high capacities with low power consumption (<4 W per liter of evaporated water 

(Carel Industries, 2016)). Figure 35 shows an example of the in-duct application of this humidifier. 

• Ultrasonic atomizers  

According to Carel Industries ultrasonic humidifiers atomize water using the high-frequency vibrations of 

a transducer. The results are quite similar to the high-pressure atomizers, but water drops are even smaller. These 

devices provide water atomization through a two-step process: firstly water is ejected through small orifices into 

the nozzle outlet channel, where a high-velocity air stream provides for the first liquid breakup through shear action 

onto the surface of the jets; afterward the air stream carrying the droplets impacts onto a resonator placed in front 

of the nozzle outlet orifice, generating a field of high-frequency sound waves. Moving through the sound wave field, 

the droplets undergo an additional breakup step (PNR, 2018).  

This humidifier type can reach high levels of precision (approximately 1%) and operate in the wide-

capacity range (AHRI) (Carel Industries). These humidifiers can be both applied at AHU or in-duct distribution and 

are suitable for small and medium-sized installations. 

The installation of such a system requires a more substantial initial investment compared to other 

humidifiers types. However, according to (Balthazar & Ismail, 2018), this type of humidifier is well-known for its 

low energy consumption and high-quality moisture. Additionally, it does not require much maintenance. Thus, this 

system enables a prompt return of the investment. Figure 36 shows an example of this humidifier’s components. 
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Figure 35 - High-pressure humidifier located in-duct (Condair) 
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Figure 36 - Ultrasonic humidifier components (Liescheidt, November 1998) 

• Hybrid humidifier 

A hybrid air humidifier uses two adiabatic air humidification methods: atomization and evaporation. The 

combination of these two methods is applied to reduce the hygiene issues that could arise from the use of only one 

of these methods. The evaporator unit consists of highly porous, highly resistant ceramic elements with a large inner 

surface. Molecular atomizing nozzles are distributed evenly over the entire surface of these elements (Condair).  

Due to hygiene reasons, the humidification water is demineralized after it is softened, by means of reverse 

osmosis. Effective and preventive disinfection of the water must also be carried out in order to effectively prevent 

microorganisms from spreading (Condair). This relatively new technology has been applied to a few Dutch 

hospitals29. This adiabatic humidifier hygiene has been tested, proven and confirmed by the award of the SGS-

Fresenius Hygiene Certificate (Nortec Humidity Ltd.). 

When a humidity demand is present the spray valves open depending on the demand. Excess water flows 

down to the bottom of the post-evaporation unit and is led via a trap to the waste water line of the building (Nortec 

Humidity Ltd.), preventing the risk of water accumulation inside the ventilation ducts. Figure 37 shows an example 

of the in-duct application of this humidifier. 

 

Figure 37 - Hybrid humidifier scheme (Condair) 

 
29 Examples are: Deventer ziekenhuis (in its operating rooms); Antonius ziekenhuis; Radboud UMC; ZGT 

ziekenhuisgroep Twente; VUMC 

 

Atomizing nozzle grid Ceramic evaporative unit 
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• De-correlation humidifier 

According to SmartFog company (2011) this humidifier is a method based on “fractal frequency and de-

correlation technology”. This means it is a combination of compressed air and water to reverse the correlation effect 

of the water molecules properties (e.g. cohesion and adhesion). Such a process releases water droplets of 4.2 

microns size and supplies a uniform distribution of the droplets into the air. The RH control is very precise (±1%) 

and does not expose the room’s surfaces to wetting.  

The technology was developed and patented by an American company. However, no examples were found 

of this application in Europe, even though it was stated that this technology is available for shipment upon contact 

with the manufacturer. Furthermore, the company states that this humidifier is safe to be used in hospital 

environments including operating rooms30. Figure 38 shows an example of this technology’s component. 

 

Figure 38 - De-correlation system components (SmartFog, 2011) 

Table 11 - Summary of Adiabatic Humidifiers 

Energy Source Advantages Limitations 

High-pressure + Low energy consumption (±4 W per 

liter of evaporated water) (Carel 

Industries) 

+ Atomizing nozzles that can be 

installed in an AHU/duct or directly in 

the room (Carel Industries; AHRI) 

+ Adjusts to changes in demand 

(AHRI) 

+ Available in a wide range of 

capacities (Carel Industries; AHRI) 

+ The high capacity (Carel Industries) 

benefits of atomization without the 

cost of compressed air 

- Longer evaporation distances (AHRI) 

-Requires reverse osmosis water 

treatment (hospital cases) (AHRI) 

- Moisture eliminator may be required 

to prevent mist carryover (AHRI) 

- Power consumption pump 1.0- 4 kW 

(Rabczak, Proszak-Miąsik, & Nowak, 

2019) (Condair) 

 
30 Information given via email contact with one of the commercial representants of the company in October 

3, 2019. 
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+ Provides evaporative cooling to 

surrounding air (AHRI) 

+ Technology is recommended for 

hospital use according to TNO (2009) 

Ultrasonic + Low power consumption (~80 W 

per liter of evaporated water) (Carel 

Industries, 2016) 

+ Provides evaporative cooling to 

surrounding air (AHRI)  

+ Finely atomized water (Carel 

Industries) 

+ Power consumption pump 0.3-1.3 

kW (Condair) 

+ Adjusts to changes in demand 

(AHRI) 

+ Suitable for AHU (AHRI) (Carel 

Industries) 

+ Available in a wide range of 

capacities (AHRI) (Carel Industries) 

+ Technology is recommended for 

hospital use according to TNO (2009) 

- Longer evaporation distances (AHRI) 

- Needs to have an accurate reservoir 

liquid level (AHRI) 

- Moisture eliminator may be required 

to prevent mist carryover (AHRI) 

- Requires use of DI/RO water (AHRI) 

- The high initial investment (Carel 

Industries) 

- Requires sufficient pre-heat of air 

supply (AHRI) 

Hybrid humidifier 

 

+ Suitable for AHU or in-ducts (Nortec 

Humidity Ltd) 

+ Low power consumption (1 W per 

kg/h water) 

+ Available in a wide range of 

capacities (Nortec Humidity Ltd.) 

+ Maximum power consumption pump 

0.35 kW  

+ Adjusts to changes in demand 

(Nortec Humidity Ltd.) 

+ Prevents wet spots 

+ Technology is being currently 

applied in Dutch hospitals 

-Requires reverse osmosis water 

treatment (Nortec Humidity Ltd) 

- High initial investment 

De-correlation 

humidifier 

 

+ Easy installation (SmartFog, 2011) - High initial investment31 

 
31 Technology developed by an American company. Contact with one commercial representative has given 

the information that shipment for Europe is possible, however it is possible to assume this would be expensive. 
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+ Low power consumption (~100 W 

per liter of evaporated water) 

(SmartFog, 2011) 

+ 4.2-micron droplet size (SmartFog, 

2011) 

+ Non-clogging mechanism (SmartFog, 

2011) 

+ Modular system to fit different duct 

sizes (SmartFog, 2011) 

+ Precise RH Control (±1%) 

(SmartFog, 2011) 

+ Prevents wet spots (SmartFog, 

2011) 

+ Hard water is not an issue, but it may 

be needed filters due to silica and dust 

levels (SmartFog, 2011) 

- Examples of this technology being 

applied in Europe were not found 

during research 

 

Energy Recovery Wheel 

Energy recovery wheels can also be called heat wheels and enthalpy wheels. These devices can be applied 

to transfer only sensible heat or both sensible and latent heat. The latter transfers sensible heat from the warmer 

air stream to the cooler air stream; additionally, it transfers moisture from the air stream with the higher humidity 

ratio to the air stream with the lower humidity ratio. During the winter months, this technology can transfer heat 

and moisture from the exhaust to the supply stream; and during the summer the reverse operation can happen: 

transfer heat and moisture from the supply to the exhaust stream in the summer. 

These wheels can be classified based on the rotor material or on the heat and moisture exchange principle. 

Aluminum is typically the rotor material. There are 3 types of aluminum rotors: condensing rotor, hygroscopic rotor, 

and sorption rotor. According to the report of Carrier (2003) the first type of rotor consists of bare aluminum and 

does not have any special surface treatment to increase the latent efficiency and it is not suitable for air treatment 

processes where condensation can occur in the rotor; moreover, the seasonal efficiency for moisture recovery is 

relatively low. The second type undergoes a hygroscopic surface treatment by an immersion process. This 

immersion treatment influences the latent efficiency of the wheel. The moisture recovery is relatively low, with 

approximately 30% during winter and around 10% in summer. The third and last type of aluminum rotor is 

chemically treated, (e.g. silica gel, molecular sieve, lithium chloride) to increase its ability of binding or releasing 

water vapor molecules, depending on the relative humidity of the ambient air. Its latent efficiency is independent 

of the ambient temperature and the absolute moisture content in hot and cold airstreams and has high efficiency in 

both summer (50%) and winter(60%). 

The latent efficiency of the energy wheels depends on many variables, such as the entry conditions of both 

airflows; inflow speed and mass flow ratio; and wheel geometry. In addition to these, the latent efficiency is 

dependent on a condensation parameter. This parameter depends on the dew point temperature of the hot air and 
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the final temperature of the rotor material coming from the cold air stream. Both air streams temperatures affect 

the condensation in the wheel. Thus, it is desirable to relate the condensation potential to the absolute moisture 

content of both airflows. According to Carrier (2003) condensation potential is the amount of moisture that 

condenses when 1 kg of warm air cools down to the temperature of the incoming cold air. Since the latent efficiency 

of an energy wheel varies significantly with the air entry conditions, for every outside temperature comes a different 

latent return, which makes an accurate manual calculation nearly impossible. Therefore, calculation software is 

more suitable for the purposes of energy calculations. 

Based on the literature, applying energy recovery wheels for mechanical air treatment is almost always 

attractive financially. They can have many advantages for reducing the energy costs of (de)humidifying, cooling and 

heating outdoor air. The significant energy cost reduction potential is due to the fact that it can use exhaust air to 

pre-heat or pre-cool the outdoor air before it is conditioned for the required supply air setpoint, and also recovery 

moisture from the exhaust air and use it as input on the supply air. 

In regard to hospital environments, great caution must be taken to prevent cross-contamination due to 

carryover of bacteria, germs or foul odors from the exhaust to the supply air. To ensure there is no cross-

contamination in specific treatment areas, such as intensive care and operation rooms, the air streams must be 

physically isolated. Moreover, according to Ulm (2016) the wheel’s desiccant media choice, which is typically silica 

gel or molecular sieve material, is critical for preventing the incoming outdoor air from residual contamination from 

the outgoing indoor air.  Due to HAI concerns, it is essential to not contaminate the external air with possible indoor 

contaminants during the humidification process. To further minimize cross-contamination, desiccant surfaces with 

anti-microbial coatings can be used to help prevent airborne pathogen retention in the media.  

Ionization 

An air ionizer is a device used in air purifiers. It uses electricity to ionize air molecules, consequently 

removing particles from the air (Shiue, Hu, & Tu, 2011). Electrically charging oxygen molecules in the air, they 

become ionized. In nature, this is a natural process and the air can be perceived as purified at high locations or at 

the beach, where the concentration of ionized oxygen molecules can rise to 8,000 ions per cm³ (Ionair, n.d.). 

Contrary to urban environments, where the concentration is between 20 and 200 ions per cm³ and even in well-

ventilated spaces this is between 20 and 50 ions per cm³ (Ionair). 

Airborne contaminants, such as dust particles, infectious pathogens, and VOCs, are reduced by ionized 

oxygen. The supply ventilation air is previously filtered in the AHU and the number of dust particles and 

microorganisms is limited; VOCs can also be filtered if specific filters, such as carbon filters are also adopted. 

Nevertheless, in the indoor environments, dust, microorganisms and VOCs are also released due to human presence, 

business processes and buildings’ materials (e.g. floor coverings, paint, furniture). With an ionization module in the 

mechanical air treatment system (AHU or in-duct), the ventilation air is ionized. Therefore, the number of oxygen 

ions in the supply air increases. Hence, dust particles, microorganisms and VOCs concentration are decreased in the 

rooms. Measurements conducted by (Ionair)  show a reduction of the number of airborne microorganisms by 70 to 

90%, reduction of dust particles in approximately 50% and the number of VOCs can roughly be decreased by 30-

80%. 

According to McDowell (2003) the frequency of nosocomial infections caused by bacteria acinetobacter in 

the intensive care ward in a British hospital were eliminated by the installation of an air ionizer—the infection rate 
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fell to zero, during a year-trial epidemiological study conducted by a research of the University of Leeds. On the 

other hand, the literature review of Alexander et al. (2013), which includes scientific literature from the last 80 

years into air ions and respiratory function outcomes, has concluded that there is no clear support for any beneficial 

role in respiratory function or asthmatic symptom alleviation. 

Nevertheless, the purified air produced by the ionization process lowers the indoor humidity requirement, 

as it can possibly increase the thermal comfort of users and decrease the air dryness perception, by reducing the 

effects of particulate matter, VOCs and micro-organisms. However, an experimental evaluation of the relationship 

between RH levels and air ionizers was not found in literature, to state the measurable energy benefits the adoption 

of this system can bring instead of air humidification by other means. 

Vegetation 

Through photosynthesis, plants improve air quality and provide energy-rich oxygen. By removing toxins in 

the air, capturing dust, and pushing out fresh oxygen, plants allow you to take a breath of fresh air inside. Therefore, 

natural plants in buildings are a passive measure to purify the air and improve the indoor air quality. As summarized 

by Hiemstra et al. (2019) indoor vegetation reduces CO2 and VOCs concentrations; external vegetation, such as 

green roof, green façades, and external gardens, decreases heat in and around buildings during summer, 

consequently reducing the air-conditioning demand. Additionally, green roofs and facades increase insulation 

capacity, which is a measure for reducing both heating and cooling energy demands. It can also have psychological 

help as it reduces stress among patients and staff.  

In regard to the RH levels, indoor plants release water vapor, humidifying the air. The experimental study 

of Gubb et al. (2018) investigated seven common houseplants’ potential as a low-cost approach to indoor CO2 

emissions reduction and an increase of RH levels. As part of their research, the authors have calculated the number 

of plants needed to raise the RH from 40 to 60% in a static 100 m3 office. For this assessment, the plants’ 

evapotranspiration was measured. This approach relies on parameters as light levels and substrate moisture. Leaf 

types, plant sizes, and plant metabolisms are also factors to be taken into account to make an assessment on their 

measurable benefit to the indoor environment. Even though their experiment proved, based on calculations, an 

increase and improvement in RH with the use of common houseplants, they did not consider ventilation, change of 

temperature and occupancy profiles; meaning that the actual benefits of vegetation to the RH levels in the building 

environment are difficult to estimate. 

Other research conducted by Smith et al. (2016), which investigated the use of natural plants in improving 

the indoor air quality within a large modern open-plan office building with a central atrium design. The study 

included qualitative and quantitative measurements for a six-month period. Their findings, however, suggest that 

the plants did not have the expected positive effects on IAQ; additionally, the RH gathered data did not show 

significant variations between the experimental and control zones. The authors attribute these results, in part, to 

the building design, with an atrium that allows a substantial volume of air passage within the building. This feature 

could lead to cross-contamination and excessive dilution.  

The scientific relevance of these type of studies is evident due to the sustainability aspect provided by the 

implementation of indoor plants to reduce CO2 through the reduction or even the elimination of humidification 

systems; however, there is still a gap of knowledge to be fulfilled as there is a broad range of factors that may 

influence the results in a real working environment. 
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Indoor water features 

In hospital environments, decorative fountains and water features are often strongly opposed by the 

infection-control department as it is believed that water features may contain microorganisms that can cause 

nosocomial infections due to inhalation of aerosolized bacteria such as Legionella. 

According to a review by Rogers (2006), no documented cases of hospital-acquired Legionnaires’ infection 

or other waterborne infectious diseases, resulted from the indoor placement of a water feature in the hospital were 

reported. According to the author, decorative water features would pose a minimal risk in healthcare settings if 

basic precautions are taken: 

• Water temperature should be kept cool to cold; 

• Avoid the use of submerged lighting (to prevent water heating); 

• Perform routine fountain cleaning and maintenance, accordingly with manufacturer’s instructions; 

• Avoid placing water fountains in areas with high-risk patients; 

• Install a glass barrier or maintain an appropriate distance between the water feature and the general 

public to minimize potential contact with droplets or aerosols. 

However, since the time of Rogers’article publication (2006), Legionnaire’s disease cases have been 

reported, including in some hospitals. According to Lederer (2015) in 2010, a hospital in Wisconsin (USA) had a 

case of an outbreak of Legionnaire’s disease that was related to eight patients who have spent time near a decorative 

water fountain in a hospital’s main lobby; environmental testing found amounts of Legionnaire’s disease in samples 

collected from the water wall fountain. According to the American Facility Guidelines Institute (2014), fountains 

and other open decorative water features can represent a reservoir for infectious pathogens and installation of 

indoor, thus, open water features are not to be permitted.  

Therefore, these open features that could bring benefits such as supplement the indoor air with water vapor 

and increase the RH levels in a passive manner, are not believed to be suitable for the indoor environment of 

healthcare facilities. 

Thermal labyrinth 

Thermal labyrinths are a ventilation system that captures outdoor air through a labyrinth-shaped structure 

underneath the building (Song, Song, & Lim, 2014). Through heat transfer with the surrounding soil, this system 

can pre-cool and pre-heat the outdoor air in the summer and winter seasons, respectively. 

Computational simulations conducted by Rim et al. (2018), tested a thermal labyrinth system design to 

maximize heat transfer efficiency. Their studies showed that of the 30% of the air-conditioning load produced by 

the labyrinth system, the heating, and cooling energy consumptions were reduced by 8% and 15%, respectively, 

which corresponds to a total reduction of approximately 12% in the annual heating and cooling energy demands. 

Song et al. (2014) analyzed the energy reduction contribution of a recently built thermal labyrinth system 

on the cooling and dehumidification; and the heating and humidification loads in a building in Seoul. The 

comparison between the case in which the outdoor air flowed directly into the AHUs and the case using a thermal 

labyrinth ventilation system resulted in a reduction of 47.6% and 41.2%, respectively. The annual energy demand 

for conditioning the outdoor air was reduced by 31.3%.  

These studies indicate the relevance of further studies on the design and application of such ventilation 

systems. Both studies showed a considerable advantage to implement a thermal labyrinth in order to reduce the 
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energy demand and consequently CO2 emissions of buildings. However, the application of such systems in 

retrofitting projects was not found in literature, which leads to the conclusion that thermal labyrinths are suited to 

new, mechanically-ventilated buildings. 

Sterilization 

An autoclave operates using steam under pressure as the sterilizing agent. The high pressure heats the 

steam to high temperatures, thus increasing its heat content and sterilization power. Steam penetrates objects with 

lower temperatures since the steam condenses to water when in contact with a cool surface (International 

Committee of the Red Cross, 2014). Condensation continues while the condensing surface is cooler than the steam; 

once both are the same temperature, a saturated steam environment is formed. Achieving high and moist content 

in the air is important for effective autoclaving, as stated by the International Committee of the Red Cross (2014). 

Steam eliminates cells and coagulates proteins. Therefore, moist heat exterminates microorganisms by causing a 

coagulation of essential proteins (International Committee of the Red Cross, 2014). Figure 39 and Figure 40 

exemplify the typical steps of the sterilization process. 

 

Figure 39 - Autoclave process schematic diagram 

Recommendations from the sterilization guidelines of the International Committee of the Red Cross (2014) 

are that all surgical instruments and linen used for major surgery should be sterilized with 134°C at 2.1 bars for 18 

minutes. Steam supplied to the sterile processing central usually is between 3 to 5% of total steam production for 

the hospital facility (University Steris, 2015).  

https://www.designingbuildings.co.uk/wiki/Building
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Figure 40 - The steam sterilization cycle (International Committee of the Red Cross, 2014) 

Rutala et al. (2004). defined in their article a table with separation of methods for disinfection and 

sterilization of hospital items and surfaces. This table is presented in Figure 41. It shows that items in the critical 

item’s category (e.g. surgical instruments), when not heat sensitive, should be sterilized by steam whereas other 

categories of items can be sterilized by chemical sterilant and disinfectants products. 

 

Figure 41 - Methods for disinfection and sterilization of patient-care items and environmental surfaces (Rutala & Weber, 2004) 

Properly using each of the processes could reduce the steam demand in hospitals. However, as presented 

by Rutala et al. (2004) steam is the method of sterilization for medical items that do not offer any toxicity hazardous. 

The table of advantages and disadvantages is presented in Figure 42. 
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Figure 42 - Summary of advantages and disadvantages of commonly used sterilization technologies (Rutala & Weber, 2004) 

The method of disinfection highly depends on the intended use of medical device and sterilization 

guidelines should be strictly followed; nevertheless, for maintaining the patient and staff safety it is recommendable 

that steam continues to be used as the main sterilization method. However, the installations for steam sterilization 

in hospitals demand steam networks with long pipes. These should have good insulation, with proper and periodic 

maintenance. The lack of such measures leads to thermal losses (EPTA, 2007). An alternative is to reduce the 

distances between the boiler where the steam is produced and the central sterilization department; the local steam 

production would reduce the thermal losses that are intrinsic to long distances of the central boiler systems. 

Hot water 

In section 0 it was pointed out that producing hot tap water from steam is not energy efficient. An 

alternative for such demand would be producing the hot water from a condensing boiler, which has a higher 

efficiency than the steam circuit (Csanyi, 2010). Another solution would be to simplify the steam network and 

implement a high temperature closed-loop domestic hot water system. Re-circulating water loop systems is a 

method of controlling the heat loss and delivery temperatures (CED - Continuing Education and Development, 

2016). 
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Heating 

In the case of hospital campuses, it can be more energy efficient to install localized boilers in specific 

facilities to meet loads' needs for space and water heating rather than operating larger central campus boilers 

(Natural Resources Canada’s Office of Energy Efficiency, 2018). The heating system, instead of using steam as a 

heat source, which is not energy efficient as previously mentioned in section 0, should use a directly fired boiler or 

the implementation of a high-temperature closed-loop hot water heating system. 

Absorption chillers 

An alternative for a steam-driven AKM connected to the CHP (section 0) is a natural thermal source to be 

used for direct cooling to reduce active cooling energy consumption. A cold source that is popular in many projects 

in the Netherlands is aquifer thermal energy storage (ATES) (Godschalk & Bakema, 2009). The storage and recovery 

of thermal energy are achieved by extraction and injection of groundwater from aquifers using groundwater wells.  

After water filtration, the cold water is pumped to a heat exchanger station, where heat from a closed-loop system 

is transferred to the cold water.  

Service boilers 

Laundry and kitchen equipment can also have a steam demand as pointed out in section 0. These loads are 

intermittent and significantly smaller than the air treatment load. In order to optimize energy consumption, 

maintaining the quality of their operation, point-of-use steam equipment should be considered rather than a 

centralized steam plant (Natural Resources Canada’s Office of Energy Efficiency, 2018). This implementation would 

reduce the piping network and consequently the energy losses derived from it. 

Conclusion of the chapter 

Steam is often required for many purposes in a hospital building. In other to make a transition from a 

centralized steam plant to a more sustainable approach, alternatives to replace the steam used in all its consumers 

should be studied. There should be a detailed assessment of the steam loads and temporal demand. The advantages 

and disadvantages of the alternatives should also be balanced especially considering the impact of the process 

change on the end-user (e.g. patient/staff) and the energy bill.  

In regard to the air moisturization, the main steam consumer in a hospital, the steam installations should 

have their humidification load reduced, modified to adiabatic installations or have energy recovery wheels 

implemented. Ionization and passive alternatives to purify and humidify the air are also included in this section, 

however, their benefits in applied cases are difficult to be assessed. 

Adiabatic humidifiers have low operating costs and better energy performance; however, higher 

investment costs. This alternative, when applied in a central air system, would mean a major retrofit from the 

building’s installations and care must be taken to guarantee that the treated osmosis water will not negatively affect 

the AHU and ducts. Therefore, when budget and time constraints allow, for a long-term improvement in the energy 

consumption, steam humidifiers should be replaced with the adiabatic type in the hospital areas in which they are 

allowed by standards. According to the survey and direct contact with manufacturers, the adiabatic technologies 

that are available for all hospital areas are the Hybrid and the De-correlation systems. There is also the alternative 

to use electrical devices which can provide localized humidification.  
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Energy recovery wheels are a viable solution to maintain the RH levels within the comfortable range, 

without the need for steam or adiabatic air moisturization processes. The technology allows indoor extracted heat 

and moisture to be recovered. The performance, which combines sensible and latent heat, is around the range of 55 

to 85%, which can guarantee the required RH levels without additional processes and energy expenses. 

The recommendation for the sterilization process is to generate steam locally instead of a central plant, 

avoiding the long and complex piping network that can lead to energy losses. The same evaluation goes to other 

steam consumers as laundry and kitchen equipment. In the case of hot domestic water and heating, a steam boiler 

system is the less energy efficient option and it should be replaced, respectively, by ATES and a local electrical 

heating system. 
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10 Appendix B 

International and local ventilation standards 

Besides studies demonstrating the technical and physiological reasons for maintaining in certain hospital 

areas a defined RH range, international standards also regulate the installation of ventilation and humidification 

systems in hospitals and instruct the implementation of similar values. The standards mainly focus on the operating 

theatres, which leaves a gap of information allowing different interpretations of the other hospital areas. The 

recommended values are shown in Table 12. 

The following table was created based on the found standards for the indoor thermal conditions in-patient 

rooms ASHRAE (2017), CBZ (2002), ventilation standards in healthcare facilities and operating rooms ASHRAE 

(2017), and Melhado et al. (2006); and offices (ASHRAE, 2016). In addition to the current and future standards used 

by UMCU (2018).  

Table 12 - International, local and UMCU current and future standards 

Patient rooms 

Location Standard Temp. (°C) RH (%) 
Minimum total 

ACH 

Netherlands 
CBZ – College bouw 

ziekenhuisvoorzieningen (2002) 

Winter min. 

22 
≥30 N/F32 

United States 

of America 

ASHRAE 170-2017 – Ventilation of 

healthcare facilities 
21 <T < 24 < 60 4 -6 

UMCU 

Current standard – – – 

Proposal for future projects 21 < T < 25 – – 

Operating Rooms 

Austria ÖNORM H6020-1 21 < T < 27 40 < 60 

Outside air flow-

rate 20 m3/h per 

m2 of surface area 

China 

For air humidification in operating 

departments (People’s Republic of 

China standard GB50333-2002) 

22 < T < 25 35 < 60 
18-2233 

30-36 

Denmark ISO 14644-4,5 & 14698 – – N/F 

 
32 Not found (N/F) on the references 
33 The values differ based on the type of operating room 
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England 

Health Technical Memorandum HTM 

03-01: Specialised ventilation for 

healthcare premises 

18 < T < 25 35 < 60 25 

Finland AFHE/21 21 < T < 23 45 < 55 N/F 

France NF S90351 (2003) 19 < T < 26 45 < 65 N/F 

Germany 

ISO standard: DIN 1946 19 < T < 26 DIN 13779 
1200m3/h outside 

air 

VDI – Verein Deutsher Ingenieure 

(2004) 
21 30 < 50 – 

DGKH – Deutsche Gessellschaft fur 

Krankenhaushygiene (2002) 

18 < T < 24; 

27 
50 – 

Italy 
Italian Presidential Decree 

14/01/1997 and UNI 11425 
20 < T < 24 40 < 60 15 

Netherlands 
CBZ – College bouw 

ziekenhuisvoorzieningen (2004) 
18 < T < 24 – – 

Norway ISO 14644-4,5 & 14698 – – N/F 

United States 

of America 

ASHRAE 170-2017 – Ventilation of 

healthcare facilities 
20 < T < 24 

30 < 60;                     

20 < 6034 
15-20 

AIA – American Institute of Architects 

(2001) 
17 < T < 27 45 < 55 15 

Russia GOST R52539/2006 17 < T < 25 ≥30 12 

Sweden SIS – TS39 – – N/F 

Switzerland SWKI 99 – 3F 18 < T < 24 30 < 50 
Outside air 100 

m3/(h*pers); 

UMCU 

Current standard 18< T < 22 50 < 65 – 

Proposal for future projects 18< T < 22 45 < 75 – 

Isolation Rooms/Intensive Care 

Netherlands 
CBZ – College bouw 

ziekenhuisvoorzieningen (2002) 

Winter min. 

22 
≥30 N/F 

 
34 The values differ based on the type of operating room 
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United States 

of America 

ASHRAE 170-2017 – Ventilation of 

healthcare facilities 
21 < T < 24 30 < 60 10-12 

UMCU 

Current standard 21 < T < 25 – 6 

Proposal for future projects 21 < T < 25 45 < 75 6 

Offices 

Netherlands 
CBZ – College bouw 

ziekenhuisvoorzieningen (2002) 

Winter min. 

20 
N/F N/F 

United States 

of America 

ASHRAE Standard 62.1-2016, ASHRAE 

Standard 55-2017 
18 < T < 27 < 65 N/F 

UMCU 

Current standard 18 < T < 25 – 6 

Proposal for future projects N/F – – 

Laboratories and Research Rooms 

Netherlands 
CBZ – College bouw 

ziekenhuisvoorzieningen (2002) 

Winter min. 

22 
N/F N/F 

United States 

of America 

ASHRAE 170-2017 – Ventilation of 

healthcare facilities 
21 < T < 24 – 4 - 10 

UMCU 

Current standard – – – 

Proposal for future projects 21 < T < 23 – > 5 

Diagnostic and Treatment Rooms 

Netherlands 
CBZ – College bouw 

ziekenhuisvoorzieningen (2002) 
N/F N/F N/F 

United States 

of America 

ASHRAE 170-2017 – Ventilation of 

healthcare facilities 
20 < T < 23 20 < 60 6 - 15 

UMCU Current standard 20< T < 25 50 < 70 – 

 Proposal for future projects 20 < T < 25 – – 

Common/public areas 

Netherlands 
CBZ – College bouw 

ziekenhuisvoorzieningen (2002) 

Winter min. 

20 
N/F N/F 

United States 

of America 

ASHRAE 170-2017 – Ventilation of 

healthcare facilities 
N/F N/F N/F 
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UMCU 

Current standard – – – 

Proposal for future projects 21 < T < 25 – > 2 

Specific room/services (pharmacy, food preparation, etc) 

Netherlands 
CBZ – College bouw 

ziekenhuisvoorzieningen (2002) 
N/F N/F N/F 

United States 

of America 

ASHRAE 170-2017 – Ventilation of 

healthcare facilities 
22 < T < 26 – 2 < 10 

UMCU 

Current standard 18  < T < 25 40 < 70 6 < 10 

Proposal for future projects 21  < T < 23 – 6 < 10 
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11 Appendix C 

UMCU site plan 

 

Figure 43 - UMCU site plan and buildings’ list 

  

AZU Complex: 

• Psychiatric hospital (A) 

• Building B 

• Building C 

• Building D 

• Building E 

• Building F 

• Building G 

• Building H 

• Polyclinic (L) 

• Entrance (M) 

• Building Q 

• Building R 

• Emergency hospital (N & S) 

• Building W 

• Building Y 

• Building Z 

Other buildings: 

• Energy plant (K) 

• Parking (P) 

• Parking South (V) 

• Mathias van Geuns (oficces) 

• Hijmans v/d Bergh (education) 

• Stratenum (research) 

• Military Hospital (CMH –T/U) 

• Parking North (X) 

• Children Hospital (WKZ) – Buildings 

KA - KT 

• Princes Maxima Centrum (PMC) - 

Oncology research 
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12 Appendix D  

Formulae

Steam seasonal demand for 

humidification [kWh/a] 
𝐸ℎ = ℎ𝑝 . 𝑉 . ρ . Ʃ [(

𝑋2 − 𝑋1

1000
) . t] 

ℎ𝑝: enthalpy of steam [kJ/kg]; 

𝑉: stream of ventilation air [m3/s]; 

ρ: air thickness [kg/m3], ρ =1,2041 kg/m3; 

𝑋1: humidity content in the external air [g/kg]; 

𝑋2:  humidity content in the blown air [g/kg]; 

𝑡: working time during a given period [h] 

Enthalpy of vapor [kJ/kg] ℎ𝑝 =  𝑐𝑝𝑝 . Ɵ𝑝 + 𝑟 

𝑐𝑝𝑝: 𝑡ℎ𝑒 thermal capacity of vapor, 𝑐𝑝𝑝= 1.84 kJ/kg; 

Ɵ𝑝: temperature of vapour, usually Ɵ𝑝 = 105 until 110°C; 

𝑟: heat of vaporization, 𝑟 = 2501 kJ/kg 

Humidification efficiency 𝜂𝑊 = (𝑋𝑀-𝑋1)/ (𝑋2 − 𝑋1) 

𝑋𝑀: humidity content in the air mixture (value from the psychrometric chart); 

𝑋1: humidity content in the external air; 

𝑋2: humidity content in the blown air 

Adiabatic seasonal demand 

for humidification [kWh/a] 
𝐸ℎ = 𝑃ℎ . Ʃ [(

𝑋2 − 𝑋1

1000
) . t] 

𝑃ℎ: the power of water humidifier (pump) [kW]; 

𝑋1: humidity content in the external air [g/kg]; 

𝑋2:  humidity content in the blown air [g/kg]; 

𝑡: working time during a given period [h] 
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13 Appendix E 

Technical parameters and assumptions 

During the cold season, the outside air needs to be constantly heated to arrive at the indoor environment 

at comfortable temperatures. The moisture content of the outdoor air entering the AHUs decreases during the 

heating process as the water molecules in the air are evaporated. To keep indoor at determined RH levels, 

humidification systems may be needed.  

To guarantee that the supplied air is within required levels of temperature and RH, thermodynamic 

calculations and the use of a psychrometric chart are necessary. The energy consumption in the humidification 

process depends on the conditions of the outside air (e.g. temperature, moisture content), the chosen method for 

humidifying the air (i.e. isothermal or adiabatic), required parameters for the indoor air and airflow rate. In this 

section, the parameters for the calculation of energy demand in the hourly and annual period, for both steam and 

adiabatic humidifiers, are presented.  

Firstly, a baseline scenario was calculated. This baseline is calculated in order to validate the assumptions 

and estimations input on the formulas for energy calculation. The resulting values should be approximately the 

same as the energy consumption for air moisturization, calculated for 2018 and presented in Chapter 3.  

Nonetheless, the UMCU complex is composed of several buildings each with its own building 

characteristics, occupancy profiles and other factors that may influence the calculations for sensible and latent heat, 

moisture loads and vapor losses. Thus, the values here presented are only estimations based on climate data and 

energy calculations. 

In order to make the calculations, the UMCU buildings’ functions were divided into the main nine 

categories: offices, patient rooms, common areas, laboratories, teaching rooms, diagnostic and treatment, operation 

rooms, isolation rooms/intensive care units and service/specific rooms. For each of these functions, the hourly and 

annual energy consumption for humidification process was calculated according to the formulas presented in 

Appendix D.  

The baseline scenario energy consumption calculation for air humidification resulted in 12,274MWh/year, 

which presents a difference of 5% when compared to the calculated values for 2018, as shown in Table 13.  

Table 13 – Energy consumption calculated for humidification demand 

Steam Consumer 
Energy consumption 

2018 UMCU [MWh/year] 

Energy consumption 
baseline with formula 1 

[MWh/year] 

Air humidification 12,945 12,274 

 

The values for enthalpy of steam ℎ𝑝 and air thickness ρ are defined in Appendix D. To calculate the air 

volume flow(𝑉), the average size of the rooms of each function is estimated, based on data gathered with UMCU of 

the total area of each function and number of rooms. These values are presented in Table 14. 

.  



95 
 

Table 14 – Values for calculations 

 
Average 

room area 
[m2] 

Volume outside 
air [m3/s] 

Number of 
rooms [-] 

Offices 16 0.082 3,186 

In patient rooms 28 0.094 490 

Common areas 40 0.066 1,990 

Laboratories 32 0.160 457 

Teaching rooms 33 0.166 106 

Treatment rooms 18 0.090 922 

Operating rooms 34 0.564 127 

Specific rooms 19 0.162 433 

Isolation/ICU rooms 22 0.111 99 

 

The outdoor temperature,  RH level and the humidity content in the external air in a given month (𝑋1) are 

dependent on the outdoor climate conditions, which are based on the hourly data of NEN5060 (2018). This norm is 

used for the assessment of thermal comfort in buildings. Due to the climate changes, this standard has been 

developed to contain hourly data of reference climate years for the Netherlands, in order to perform temperature 

and energy calculations. The recently developed reference climate years have been compiled from a climate data 

file of twenty consecutive years of the KNMI station De Bilt, for which the period of 1986 to 2005 is used (NEN5060, 

2018). This reference climate data is included in an Excel sheet provided with the final version of NEN 5060.  

The values for indoor temperature and RH presented in Table 15 are based on the current indoor air 

requirements, according to UMCU’s masterplan (2018), recommended values from ASHRAE (2016) (2017) or CBZ 

(2002). These values are presented in Chapter 4 and Appendix B. X2 is the humidity content in the supply air, which, 

according to UMCU air supply setpoints, in most buildings functions is 16oC and 55% RH, thus, 6.2g/kg of moisture 

content; Isolation room/ICUs setpoint is 18oC and 60% RH, thus, 7.7g/kg of moisture content; and ORs value is 

taken from the UMCU’s masterplan (2018). 

Table 15  - Desired indoor conditions for the baseline scenario 

 Indoor temperature (oC) Indoor Humidity (%) Humidity content in the supply air (g/kg) (X2) 

Offices 18  40 6.2 

In patient 21 40 6.2 

Common areas 21  40 6.2 

Laboratories 21 40 6.2 

Teaching rooms 21 40 6.2 

Diagnostic and 
Treatment 

20 55 6.2 

Operating rooms 18 60 8.5 

Specific rooms 18 55 6.2 

Isolation room/ ICU 21 60 7.7 
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The energy for humidification is only considered for the periods in which the outdoor air has a lower 

moisture content (X1) than the desired indoor moisture content (X2), thus the energy for humidification is only 

consumed when the following condition is valid: 

𝑋2 > 𝑋1  (1) 

The values of 𝑋1 and 𝑋2 can be retrieved from the i-x chart (psychrometric or Mollier chart), as shown on 

the examples of Figure 44.  

Figure 44 - Examples of the change of state of humid air on the Mollier Diagram for isothermal humidification (left) and adiabatic 

humidification (right) 

X1 X2 X1 X2 

Outdoor temperature: 2.6oC 

X1: 4.3g/kg 

Indoor temperature: 18oC 

X2: 8,55g/kg 
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The working time during a given period (𝑡𝑊[h]) is given in Table 16. These values were based on AHUs 

examples that supply air for each of the building’s functions. It is assumed that all AHUs for each of the nine functions 

work in full and partial load as it is shown in Appendix H.  

Table 16 – Monthly working hours per function 

Month Offices 
In-

patient 
rooms 

Common 
areas 

Labs Teaching 
rooms 

Diagnostic 
and 

treatment 

Operation 
rooms 

Specific 
rooms 

ICUs/Isolation 
rooms 

Jan 236.7 457.1 450.6 532.2 421.9 441.4 442.9 567.9 729.1 

Feb 351.4 412.9 405.5 477.2 367.5 383.5 384.8 513.0 658.6 

Mar 402.5 457.1 450.6 532.2 421.9 441.4 442.9 567.9 729.1 

Apr 387.8 442.4 435.9 514.5 406.3 424.9 426.4 549.6 705.6 

May 402.5 457.1 450.6 532.2 421.9 441.4 442.9 567.9 729.1 

Jun 387.8 442.4 435.9 514.5 406.3 424.9 426.4 549.6 705.6 

Jul 402.5 457.1 450.6 532.2 421.9 441.4 442.9 567.9 729.1 

Aug 402.5 457.1 450.6 532.2 421.9 441.4 442.9 567.9 729.1 

Sep 387.8 442.4 435.9 514.5 406.3 424.9 426.4 549.6 705.6 

Oct 388.8 457.1 449.0 528.3 406.6 424.3 425.7 567.9 729.1 

Nov 374.1 442.4 434.2 510.6 391.0 407.9 409.2 549.6 705.6 

Dec 402.5 457.1 450.6 532.2 421.9 441.4 442.9 567.9 729.1 

 

Scenarios 1, 2 and 3 assume isothermal systems; therefore, they are calculated with the formula: 

𝐸ℎ = ℎ𝑝 . 𝑉 . ρ . Ʃ [(
𝑋2−𝑋1

1000
) . t]    (2) 

The assumptions for desired indoor RH levels or the number of functions that should be humidified are the 

changing variables. In scenario 1 a slight adjustment in the indoor temperature is needed in order to X2 values fulfill 

condition 2. This adjustment, however, keeps the temperature within the desirable range for every function. The 

values are presented in Table 17. 

Table 17 - Assumptions for Scenarios 1, 2 and 3 (isothermal) 

 

Indoor 
Humidity 

(%) 

Humidity 
content in 
the supply 
air (g/kg) 

(X2) 

Indoor 
Humidity 

(%) 

Humidity 
content in 
the supply 
air (g/kg) 

(X2) 

Indoor 
Humidity 

(%) 

Humidity 
content in 

the supply air 
(g/kg) (X2) 

Scenario 1 Scenario 2 Scenario 3 

Offices 30 4.7 - - - - 

In patient 30 4.7 - - - - 

Common areas 30 4.7 - - - - 

Laboratories 30 4.7 - - - - 

Teaching 
rooms 

30 4.7 - - - - 

Diagnostic and 
Treatment 

30 4.7 - - - - 

Operating 
rooms 

30 4.7 60 8.5 60 8.5 

Specific rooms 30 4.7 - - - - 

Isolation 
room/ ICU 

30 4.7 60 7.7 60 7.7 
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Scenarios 4, 5 and 6 assume the use of adiabatic humidification. Formula (3) is used for the purpose of 

calculating the energy required for humidification in the cold season: 

𝐸ℎ = 𝑃ℎ . Ʃ [(
𝑋2−𝑋1

1000
) . t] (3) 

The values of 𝑋1 are not here presented as they are hourly values for the period of one year and based on 

values of NEN 5060. In order to make a suitable comparison, 𝑋2 and 𝑡𝑊 remain the same used for the baseline 

scenario and previously indicated. The scenarios that use adiabatic were considered to use a low-pressure pump, 

thus 𝑃ℎ = 0.35kW. This value was retrieved from manufactures brochures used as a reference and listed in Table 11 

of Appendix A. 

The assumptions for desired indoor conditions are the same as the baseline scenario. The number of 

functions that should be humidified and the type of humidifier are the changing variables. These assumptions were 

specified in Chapter 4. 

Scenario 7 was estimated based on a computational calculation developed by a Heat Recovery 

manufacturer. For this scenario, the recovery wheel is applied in most functions, except for the operation and ICU 

departments. The calculation is dependent on the outdoor airflow rate; supply and returns temperature and 

moisture content; and the efficiency of the recovery wheel for sensible and latent heat.  The outdoor airflow rate is 

the same as the ones described in Table 14. The temperature and moisture content, according to UMCU setpoints 

for the air supply in most buildings, is 16oC and 55% RH (6.2g/kg of moisture content). The return temperature 

was assumed to be 21oC and moisture content of 8g/kg due to internal gains. During winter, the sensible heat 

recovery efficiency of a sorption rotor is approximately 70% and the latent heat recovery 60%. The working time 

of the functions is the same as presented in Table 16.  

The water consumption calculations were based on the following information given by a humidifier 

manufacturer example:  

• Isothermal systems 

(𝐻𝐶  × (1 + 𝐶𝐿)) + (𝐿 × 𝑂𝐿) = 𝑆 

𝑆 ∗ 𝐷𝑊 = 𝑤𝑎𝑡𝑒𝑟 𝑎𝑚𝑜𝑢𝑛𝑡 [l/h], where: 

• Hc = Humidifier capacity [kg/h] 

• 𝐶𝐿 = Condensate loss valve ≈ 5% 

• 𝑂𝐿 = Operating loss pipeline section ≈ 0.08 (kg/h)/ m 

• 𝑆= Required amount of steam [kg/h] 

• 𝐷𝑊 = Drainage water loss above and below ≈ 11% 

• Adiabatic systems: 

(𝐻𝐶 × (1 + 𝑅𝐿 )) × (1 + 𝑅) = 𝑤𝑎𝑡𝑒𝑟 𝑎𝑚𝑜𝑢𝑛𝑡 [l/h] 

• 𝑅𝐿 = Rinse water loss humidification section ≈ 5% 

• 𝑅 = Reverse osmosis system ≈ 30% 

  



99 
 

14 Appendix F 

Steam production and distribution within UMCU 

 

 

 

 

(1) AZU steam distribution - Central  Measurements; (2) Combined Heat and Power (CHP) production; (3) 

Exhaust Boiler; (4) Boiler 60; (5) Boiler 61; (6) Boiler 62

1 

3 

5 6 

4 

2 

7 8 
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 (7) Condensate tanks and degasser/feedwater ; (8) Condensate tanks; (9) Degasser + Feedwater 

system; (10) Absorption Cooling Machine (chiller)  

7 8 

10 9 
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15 Appendix G 

Morphological overview and scoring tables 

 

Figure 45 – Morphological Overview 
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Figure 46 - Scenario 1 
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Figure 47 - Scenario 2 
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Figure 48 - Scenario 3 
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Figure 49 - Scenario 4 
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Figure 50 - Scenario 5
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Figure 51 - Scenario 6 
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Figure 52 - Scenario 7 
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Table 18 - Weight Factors 

Functioning 

 Compared with requirement 
Weight factor 

The importance of the requirement a B c d e Total 

Air Moisturization a  0 1 1 1 3 3 

Sterilization b 1  1 1 1 4 3 

Cooling c 0 0  0 0 0 1 

Hot tap water d 0 0 1  0 1 1 

Kitchen e 0 0 1 1  2 2 

 

Sterilization is one of the most important functions that use steam. However, based on literature 

research, steam is the most reliable method for sterilization. The share of energy consumption for this 

function is around 9%; thus, for the purposes of this paper, the focus will be on air moisturization (also 

supported by Pareto analysis). 

Table 19 - Weight factors for air moisturization 

Air Moisturization 

Functioning 

 Compared with requirement 
Total Weight factor 

The importance of the requirement a b c    

Health concerns a  1 1    2 3 

ESD prevention b 0  0    0 1 

Users Comfort c 0 0     0 1 

Realization 

 Compared with requirement 
Total Weight factor 

The importance of the requirement a b c d e f 

Energy efficiency a  1 1 1 1 1 5 3 

Carbon emissions b 0  1 1 1 1 4 3 

Operational costs c 0 0  1 1 1 3 2 

Investment costs d 0 0 0  1 1 2 2 

Realization time e 0 0 0 0  0 0 1 

Controllability f 0 0 0 0 1  1 1 

In a hospital environment, the major concern is with the health of the patient and staff. Preventing 

nosocomial infections, whether bacterial, viral or fungi, is the main priority. Air moisturization is believed 

to play a role in it; however, according to literature and experts’ opinion, there is no evidence of a significant 

relationship. When assessing the importance of the requirement of air humidification the provided comfort 
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and ESD prevention should also be taken into account; however, these factors have less weight than the 

health concern. 

On the realization aspects, the two main concerns from a sustainability perspective are energy 

efficiency and carbon emissions. Nevertheless, investment costs and operational costs are also significant 

factors. The controllability of the RH levels at a room, zone and building level can also be important for the 

operation of the system and guaranteeing the quality of the indoor air. The realization time, when 

compared to the other aspects is not as significant.  

The scenarios are evaluated based on these aspects. Each of the given scores is described in Table 

20.  

Table 20 – Scoring description 

Air Moisturization 

Functioning Score 

Health concerns 

1. The scenario choice negatively influences this purpose in critical areas of the 

hospital, and it is the least recommended choice 

2. The scenario has some positive influence on this aspect in critical areas of 

the hospital, however, it is not very significant 

3. The scenario has a positive influence on this aspect in critical areas of the 

hospital 

4. The scenario choice positively influences this purpose in all areas of the 

hospital, and it is the most recommended choice 

ESD prevention 

1. The scenario choice negatively influences this purpose in critical areas of the 

hospital, and it is the least recommended choice 

2. The scenario has some positive influence on this aspect in critical areas of 

the hospital, however, it is not very significant 

3. The scenario has a positive influence on this aspect in critical areas of the 

hospital 

4. The scenario choice positively influences this purpose in all areas of the 

hospital, and it is the most recommended choice 

Users’ Comfort 

1. The scenario choice negatively influences this purpose and it is the least 

recommended choice 

2. The scenario has some positive influence on this aspect, however, it is not 

very significant 

3. The scenario has a positive influence on this aspect 

4. The scenario choice positively influences this purpose and it is the most 

recommended choice 

Realization Score 
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Energy efficiency 

1. The scenario does not improve energy consumption when compared to the 

base case scenario (X≤25%) 

2. The scenario slightly improves the energy consumption when compared to 

the base case scenario (25%<X≤50%) 

3. The scenario improves significantly the energy consumption when 

compared to the base case scenario  (50%<X≤75%) 

4.  The scenario improves greatly the energy consumption when compared to 

the base case scenario  (75%<X≤100%) 

Carbon Emissions 

1. CO2 emissions are the same or more than the current situation 

2. CO2 emissions are slightly reduced when compared to the current situation  

(X≤35%) 

3. CO2 emissions are reduced when compared to the current situation  

(35%<X≤75%) 

4. CO2 emissions are significantly reduced by this scenario  (75%<X≤100%) 

Operational costs 

1. The annual operational costs are extremely high 

2. The annual operational costs are high; however, they will contribute to the 

quality of the system 

3. The annual operational costs are low and will contribute to the quality of the 

system 

4. There are no/almost no annual operational costs needed 

Investment costs 

1. The investment will be paid off in more than 10 years 

2. The investment will be paid off in less than 10 years 

3. The investment will be paid off in less than 5 years 

4. The investment will be paid off in less than 1-2 years 

Realization time 

1. The realization time will be between 10 to 20 years 

2. The realization time will be between 5 to 10 years 

3. The realization time will be between 2 to 5 years 

4. The realization time will be less than 1 year 

Controllability 

1. The controllability of RH levels, for both zone and room levels, is poor 

2. The controllability of RH levels, at a zone level, is good, but at room level poor 

3. The controllability of RH levels, for both zone level and room levels, is good 

4. The controllability of RH levels, for both zone level and room levels, is very 

good 
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Table 21 - Scores for the scenarios’ 

Function 

  
Weigh 

Factor 
Max 

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 Scenario 7 

Score Total Score Total Score Total Score Total Score Total Score Total Score Total 

Air Moisturization     

Health 

concerns 
3 24 4 12 4 12 4 12 6 18 7 21 5 15 6 18 

ESD 

prevention 
1 8 3 3 3 3 3 3 6 6 6 6 5 5 6 6 

Users Comfort 1 8 3 3 3 3 4 4 7 7 7 7 4 4 6 6 

Total 5 40 10 18 10 18 11 19 19 31 20 34 14 24 18 30 

Percentage  100%  45%  45%  48%  78%  85%  60%  75% 

Realization     

Energy 

efficiency 
3 24 5 15 7 21 7 21 2 6 3 9 8 24 7 21 

Carbon 

Emissions 
3 24 4 12 7 21 5 15 1 3 1 3 8 24 4 12 

Operational 

costs 
2 16 3 6 7 14 5 10 1 2 2 4 8 16 5 10 

Investment 

costs 
2 16 8 16 8 16 3 6 2 4 3 6 6 12 2 4 

Realization 

time 
1 8 8 8 8 8 5 5 2 2 3 3 5 5 2 2 

Controllability 1 8 2 2 3 3 6 6 6 6 7 7 5 5 5 5 

Total 12 96 30 59 40 83 31 63 14 23 19 32 40 86 25 54 

Percentage  100%  61%  86%  66%  24%  33%  90%  56% 
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16 Appendix H 

AHUs Schedule control 

State 1 (yellow) means the capacity of ventilation is at its maximum, whereas State 0 (blue)  means 

the capacity of ventilation is reduced to a partial load corresponding to one-third of its full capacity. 

Example of the working schedule of AHU of Office zone  

Example of the working schedule of AHU of In-patient ward  

Example of the working schedule of AHU of common areas  

Example of the working schedule of AHU of laboratory zone  
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Example of the working schedule of AHU of the teaching area  

Example of the working schedule of AHU of diagnostic and treatment zones 

 

Example of the working schedule of AHU of Operation Theatres areas 

Example of the working schedule of AHU of specific areas (kitchen and services) 

Example of the working schedule of AHU of Intensive Care Units and Isolation rooms 
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17 Appendix I 

Interview with Lia Graaf-Miltenburg 

November 19th, 2019 – UMC Utrecht 

Interviewee: Lia de Graaf-Miltenburg, a senior expert in Infection prevention at UMC 

Utrecht 

Q.1) In your professional opinion what are the factors that most affect infection spread within 

hospital environments? 

Answer: The factors that most affect infection spread within the hospital are mechanical 

ventilation and hygiene conditions of the environment, such as handwashing habits, instrument 

sterilization; also, the pollution in the air. 

Q.2) According to your expert knowledge, through which path are most infections spread? 

Answer: Most diseases can be spread through contact and instruments, not as much through the 

air. 

Q.3) Do you believe humidity levels play a significant role in infection spread? 

Answer: The humidity levels (alone) are not considered a significant factor. 

Q.4) On average, how many patients contract healthcare-associated infections (HAI)? 

Answer: 5-7% of patients contract hospital infections, however, this number is not accurate, as 

sometimes the symptoms may only occur after the hospital stay. 

Q.5) In your professional opinion, why do you believe RH control is kept within determined ranges 

in hospital zones? 

Answer: The RH control for most zones does not concern infection control, but it can be more 

related to providing comfort for the employees.  

Q.6) Is RH control in determined hospital zones a significant factor? 

Answer: Even in Operating Rooms, the most critical zone, the humidity levels alone are not the 

most significant factor for infection spread. 
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18 Appendix J 

Monthly and seasonal graphs of condensate return and 

losses estimations 

 

Average losses in January 2018: 1,883kg/h≈1,412kWh 

 

Average losses in February 2018: 1,859kg/h≈1,394kWh 

 

Average losses in March 2018: 1,827kg/h≈1,370kWh 
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Average losses in April 2018: 1,845kg/h≈1,384kWh 

 

Average losses in May 2018: 1,933kg/h≈1,450kWh 

 

Average losses in June 2018: 1,861kg/h≈1,396kWh 
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Average losses in July 2018: 1,802kg/h≈1,352kWh 

 

Average losses in August 2018: 1,770kg/h≈1,328kWh 

 

Average losses in September 2018: 1,663kg/h≈1,247kWh 
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Average losses in October 2018: 1,607kg/h≈1,205kWh 

 

Average losses in November 2018: 1,631kg/h≈1,223kWh 

 

Average losses in December 2018: 1,545kg/h≈1,159kWh 
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Average losses in Winter 2018: 1,755kg/h≈1,317kWh 

 

Average losses in Spring 2018: 1,866kg/h≈1,400kWh 

 

Average losses in Summer 2018: 1,811kg/h≈1,358kWh 
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Average losses in Fall 2018: 1,635kg/h≈1,226kWh 
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19 Appendix K 

Monthly and seasonal graphs of gas usage and losses 

estimations 

 

Average losses in January 2019 ≈ 4,043kWh 

 

Average losses in February 2019 ≈ 3,583kWh 

 

Average losses in March 2019≈ 3,048kWh 
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Average losses in April 2019≈ 3,213kWh 

 

Average losses in May 2019 ≈ 2,294kWh 

 

Average losses in June 2019 ≈ 2,151kWh 
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Average losses in July 2019≈ 2,659kWh 

 

Average losses in August 2019 ≈ 2,704kWh 

 

Average losses in September 2019≈ 2,801kWh 
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Average losses in October 2019≈ 3,0481kWh 

  

Average losses in November 2019≈ 3,872kWh 

 

Average losses in December 2019 ≈ 4,029kWh 
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Average losses during winter ≈ 3,940kWh 

 

Average losses during spring ≈3,063kWh 

 

Average losses during summer  ≈ 2,493kWh 
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Average losses during fall  ≈ 3,235kWh 


