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Abstract During the last few decades, focus on
measures for energy conservation in buildings has
increased considerably. The European Commis-
sion implemented the Energy Performance of Build-
ings Directive, which gave instructions to the mem-
ber states about how to reduce energy consumption

Highlights

o A total of 524 scientific papers on heating, ventilation,
and air conditioning in swimming facilities are identified,
selected, and reviewed.

o Bibliometric and thematic analyses are performed for the
selected 524 papers.

e Swimming facilities are complex buildings which require
numerous interacting disciplines.

o The research field of disinfection by-products in
swimming facilities appears to be mature.

o The coverage of energy and indoor environmental
quality in swimming pools is, so far, fragmented and non-
comprehensive.

o Research is required to bridge the entire knowledge chain
from the physico-chemical reactions in the pool water to
the overall facility energy consumption.
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in residential and non-residential buildings. In the
process of making the building sector more energy
efficient, the building codes generally have become
stricter with some simplifications applied in the
requirements. For swimming facilities in Norway,
these simplifications are undermining the purpose of
the code by excluding the energy use related to the
operation of swimming pools, which is the main part
of the energy use in this building category. In other
words, the energy use related to operation of the facil-
ity is not regulated. Furthermore, guidelines for the
planning and operation of these types of facilities
are outdated and research for this building category
is sparse. These three aspects mean that there is a
considerable potential for improvement. This paper
presents a comprehensive literature review with bib-
liometric and thematic analyses of the contextualized
research in swimming facilities from a heating, ven-
tilation, and air-conditioning perspective. It maps the
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major trends during the past few decades, where areas
like solar heating for outdoor pools, energy consump-
tion, and air quality stand out. Except for air quality
and disinfection by-products, research on these facili-
ties is highly fragmented without any strong contribu-
tors to the various fields.

Keywords Swimming facilities - HVAC - Energy -
Indoor environmental quality - Disinfection
by-products

Introduction
Background

The global climate change has been disclosed over
the past 30 years and has been periodically stated
by the Intergovernmental Panel on Climate Change
(IPCC), since their first report in 1990 (Tegart et al.,
1990). As a consequence and after the establishment
of the Kyoto protocol in 1997, the European Union
implemented the Energy Performance of Buildings
Directive, EPBD (European Commission, 2006).
EPBD was partly designed to meet the 20% indicative
target for energy efficiency improvement defined by
the EU Energy and Climate Package.

Within the European Commission’s vision of cli-
mate neutrality by 2050 (European Commission,
2019b) and the proposed raising of the greenhouse
gas reduction target to at least 50% toward 2030
(European Commission, 2019a), a “renovation wave”
of the building sector has been defined in the related
action plan. For the specific case of swimming facili-
ties, research has revealed a large span in energy
use for the buildings. Their specific energy use,
expressed as delivered energy per square meter and
annum, has been reported to range from 400 kWh/
(m”.a) to almost 1600 kWh/(mz.a) (Kampel et al.,
2013; Kampel, 2015; Rgkenes, 2011; Swim Eng-
land, 2016). Kampel (2015) investigated the energy
use of Norwegian swimming facilities and found its
range to be wide even if it was normalized to differ-
ent variables, like number of visitors or pool’s water
surface. This variation can partially be explained by
the variety of subcategories within swimming facili-
ties, the age of the building, the difference in installed
technology, and the maintenance routines. This all
represents a large energy savings potential (Kampel,
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2015). Considering that modern office and residen-
tial buildings are characterized by a specific delivered
energy use below 100 kWh/(m?.a), swimming facili-
ties represent an energy-intensive building category.
Consequently, in the context of the EU Roadmap
2050 (European Commission, 2019b), it is a paradox
that swimming facilities are not treated exclusively,
rather just included as a sub-category of “sport facili-
ties,” which are characterized by totally different size,
uses, period of operation, and, of course, energy con-
sumption (European Union, 2010).

Motivation

Due to the range in energy use, Kampel et al. (2013)
called for increased research activity regarding the
development of representative Final Annual Energy
Consumption (FAEC) indices. Duverge et al. (2017)
pointed to the complex nature of swimming facili-
ties as a reason for the lack of research and stand-
ards related to this kind of facility. The research field
regarding energy performance and water usage is
suffering from the lack of worldwide research activ-
ity (Duverge et al., 2018). However, research and
design in swimming facilities require a high level of
holistic knowledge due to the multiple and inherently
connected subjects, like indoor environmental qual-
ity, chemo-physical reactions in both water and air,
water treatment and management, technical building
systems for environmental control, and energy effi-
ciency, among others. The complexity of these facili-
ties is also reflected by the number and typologies
of the technical systems required in a typical swim-
ming pool. Figure 1 shows a general illustration of
the typical circular dependencies in swimming facili-
ties found in Scandinavian conditions (i.e., zone D
according to the climate zones definition of K&ppen
& Geiger, 1930).
Referring to Fig. 1:

1. The indoor environment (1) is normally con-
trolled by fixed set-points for indoor (dry-bulb)
air temperature and relative humidity. The ven-
tilation system is dedicated to handle all issues
related to the indoor environmental quality and
provide a healthy and thermally comfortable
indoor environment. The air distribution is typi-
cally also designed to eliminate condensation
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Fig.1 Schematic operation concept of a swimming facil-
ity within Scandinavian conditions with key elements related
to space and water heating, ventilation, air conditioning and
dehumidification, and water treatment; (1) indoor environment,

problems on the facility envelope and structural
systems.

2. The evaporation rate for pools greatly depends on
the occupancy and activity levels. The air han-
dling unit (AHU, 2) controls the humidity and air
temperature in the pool hall by heating and vary-
ing the state of the supplied air. Depending on
the operation mode, bathing or night mode, the
AHU recovers the latent heat from the extracted
air, normally with an integrated heat pump. In
night mode, most of the air flow is recirculated
into the hall, with the purpose of maintaining
the room temperature and humidity set-points in
reasonable ranges. Since the energy level in the
supply air flow depends on the thermal losses of
the pool hall, and the energy level in the extract
air depends on the evaporation from the pool
surface, the direction of the net energy flow may
vary in operation. However, the net energy flow
related to the ventilation system in modern swim-
ming facilities, with high energy performance,
will normally be negative, as illustrated in Fig. 1.

Heat recovery circuit

S

I Sewer

(2) air handling, (3) heat recovery circuits, and (4) water treat-
ment system, where the arrows illustrate the typical direction
of the net energy flow

3. The heat recovery circuit (3) is connected to the
AHU and the recovered latent heat is used for
either air or water heating. This represents a cru-
cial link in the energy loop of the facility.

4. [If required, additional thermal energy and water
refill are supplied in the water treatment system
(4). This loop circulates the water through the
pool where the water quality is strictly monitored
and controlled, along with its temperature.

The relationship between the different key ele-
ments in the swimming facility illustrates the vulner-
ability of the system and the risk of both excessive
energy use and an improper and possibly harmful
indoor environment. For example, the performance of
the AHU influences the indoor environment and the
energy use as it controls the indoor environment and
recovers latent heat from the extracted air. The perfor-
mance of the AHU also influences the energy use for
the pool circuit due to the heat recovery system and
the control of the water temperature in the pool.
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The performance of the pool circuit influences
the indoor environment by the water quality, filter-
ing, disinfection and disinfection by-products, and
thereby the air quality, but also by the temperature
control, which is crucial for controlling the evapo-
ration rate. The latter is greatly dependent on the
water and air temperatures. A high evaporation rate
increases the energy content in the pool air, which
in turn will increase the ventilation losses. High
humidity will also increase the risk of condensation
on building envelope surfaces and make the pressure
gradient steeper inside the pool hall. This may cause
degradation of the construction due to corrosion and
possible exhilaration and increased diffusion and
possible accumulation of moisture inside envelope
components.

The illustrated interconnections show the impor-
tance of understanding the varied and complex nature
of swimming facilities when dealing with optimiza-
tion or improvements. For example, the importance
of in-depth knowledge regarding the AHU’s control
system is crucial when evaluating the air quality
inside the hall since the fresh air supply flow rate typ-
ically fluctuates during operation and together with it
the dilution of the contaminants in the hall. Another
example is the consequences of the interconnected
heat recovery and energy system. Even if the facility
has satisfactory overall energy performance, multiple
issues may be present. For example, issues related to
the water refill system can disguise problems with the
air handling unit and the fresh air supply.

Considering the lack of regulations related to the
energy use in swimming facilities, it is beyond doubt
that the different technical systems are very often
sub-optimized.

Purpose

Within the field of swimming facilities, several litera-
ture reviews were carried out in the past decade. They
include themes regarding prediction of the evapora-
tion rate during natural convection (Pods & Varju,
2019), disinfection by-products in swimming pools
(Carter & Joll, 2017; Chowdhury et al., 2014; Manasfi
et al., 2017), and heating technologies for swimming
pools (Li et al., 2020). Motivated by the reported
potential for energy optimization, and the need for
research, regulations, and guidelines addressing the
complexity of these facilities, this paper presents and
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discusses a systematic literature review of the energy
and the indoor environmental performance of swim-
ming facilities. It presents new knowledge, regarding
the present contextualized research related to HVAC
systems in swimming facilities, and depicts the sci-
entific landscape, which is based on both bibliomet-
ric and thematic analyses. This work describes the
state of the art regarding the multidisciplinary field of
HVAC systems in swimming facilities in cold climate
regions such as northern Europe.

Methodology

Swimming facilities represent a building type where
research addresses either the technical aspects of the
facility or the activities carried out in the facility (bio-
mechanics, swimming techniques, statistical studies
regarding drowning etc.). This literature review deals
with the technical and engineering aspects of the
facilities with a focus on those aspects related with
the indoor environmental quality (IEQ) and heating,
ventilation, and air conditioning (HVAC).

The literature review has been carried out follow-
ing a three-step methodology illustrated in Fig. 2. The
methodology uses a systematic and data-driven bib-
liometric analysis to collect and investigate data from
publications available in the scientific literature. The
outcome of each step is analyzed in “Methodology”
section, where an analysis of the identified and col-
lected publications is presented.

1. Data collection

e Identify keywords
e Collect records from databases

2. Data filtering

e Filter records based on type, language
e Remove duplicates
e Remove irrelevant records

3. Data analysis

e Apply the dataset to VOSviewer and Bibliometrix
e Perform bibliometric analysis
e Perform thematic analysis

Fig. 2 Holistic methodology workflow chart



Energy Efficiency (2021) 14: 74

Page 5 of 27 74

The data collection

The development of the search string, box no. 1
in Fig. 2, is based on the aim of the study, a map-
ping of the scientific landscape of publications with
respect to the technical part of swimming facili-
ties. This approach defines a broad system bound-
ary which makes it possible to conduct an analysis
of the facility-relevant research in this field. The
technical areas of interest, defined from the field of
HVAC and IEQ, include.

Energy,

Air quality,

Ventilation,

Disinfection by-products.

The following major databases were used in the
analysis:

e Scopus,
e Web of Science (WoS),
e Compendex (Elsevier).

Figure 3 illustrates the workflow related to the
establishment of the dataset of raw data, box no. 1
in Fig. 2 (Data collection).

Fig. 3 Illustration of the
process of establishing a

The search string was applied to the databases and
the bibliometric data were collected on February 23,
2020. The search was carried out by searching in title,
keywords, and abstract (topics). The search resulted
in a dataset of bibliographic data with 1993 records.
The distribution of the records before filtering was
approximately 50% Scopus, 25% Web of Science, and
25% Compendex.

Filtering data
The filtering process was carried out in four steps:

1. Document type: limit the records to journal or
conference articles,

2. Language: limit the records to documents written

in English,

Duplicates: excluding duplicates in the dataset,

4. Relevance: excluding irrelevant records.

w

Figure 4 illustrates the impact of the individual
filtering steps on the number of records, and the
distribution.

Figure 4 reveals a distinct change in the distri-
bution between the databases at filtering step 3,
“Removing duplicates.” This change is due to the pri-
oritized order of removing objects. During this step,
articles with origin from Compendex were removed

raw dataset. *Refer to the
truncation symbol in the

search string. The trunca-
tion symbol allows you to
search for all the various Input
endings of a word
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Swimming m Natatorium*
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Fig. 4 The impact of the
filtering steps on the origi-
nal dataset

2.Llanguage

Filtering steps

0

first, and second the records from Web of Science.
The reason for this order was the lack of information
which is provided in the bibliometric extraction by
Compendex.

Regarding the last filtering step 4 “Relevance,” the
dataset was reduced by almost 40%. This reduction
was due to the broad search string. Irrelevant records
were filtered out manually by screening the title and
abstract. If the research presented outcomes, which
were not in the scope of our study, they were excluded
from the dataset and subsequent analyses.

Analyzing data
Identification process

Prior to the analyzing section, extensive identification
was required. The facilities were mapped, and sub-
systems and key-areas were identified by a unique tag.
By screening titles and abstracts for the dataset of 524
articles, a tag was assigned to each article. The aim of
the tagging system, the structural map, was to further
reduce the dataset to investigate the research within
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the field. Figure 5 illustrates the overall topography of
the structural map used for tagging the articles.

In addition to the tag system previously described,
the articles are categorized both by the type of facil-
ity and the approach of the study, deterministic or
analytical. The type of facility has been identified by
public or residential indoor and outdoor pools since
these categories differ significantly in design, opera-
tion, and typical issues.

The analysis

The analysis has been divided into two parts: (1) bib-
liometric analysis and (2) thematic analysis. The bib-
liometric one provided information about the knowl-
edge structure and development of the research field
in the context of swimming facilities. This involved
analysis of authors’ productivity, affiliations, and pub-
lication year and publication countries (of their affili-
ated organizations) as well as co-occurrence of words
in a text and the co-occurrence of the keywords listed
under the abstract. The thematic analysis was based
on a quantitative analysis of each of the publication’s

)
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Fig. 5 The overall topography of the structural map. Each category was represented with several sub-categories

@ Springer



Energy Efficiency (2021) 14: 74

Page 7 of 27 74

finding. This was identified by full-text review of the
publications and structuring/discussion in the context
of the HVAC system.

The bibliometric analysis comprises 524 docu-
ments published between 1930 and 2019. The data-
set is created according to Fig. 4, as the outcome of
step 4. The dataset has been investigated by the use of
VOSviewer (van Eck & Waltman, 2010) and Biblio-
metrix (Aria & Cuccurullo, 2017), and the results are
reported in several perspectives and subsections.

Results of bibliometric analysis

This section provides information about the knowl-
edge structure and the scientific landscape of the
respective research fields.

Publication trends and structural analysis

The dataset can be divided into public and residential
swimming pools. Studies regarding residential swim-
ming pools almost entirely comprise outdoor pools
with energy-related focus in the dataset (Harrington
& Modera, 2013; Nouanegue et al., 2011; Ruiz &
Martinez, 2010; Song et al., 2018). This is also the
case for public outdoor swimming pools, where about
80% of the studies deal with the energy system. The
dominant topic within the energy subcategory is solar
energy, represented by about 40% of the articles. This
dominance is reasonable because solar energy has
been an important heat source for open-air swimming
pools for decades (Ruiz & Martinez, 2010).

By arranging the dataset with respect to the year
of publication, as illustrated in Fig. 6b, the interest
in solar energy (regardless of the type of swimming
facilities) is observed to be constant since the 1980s,
with the exception of a drop during the first period
in the new millennium. This in relation to the abso-
lute publication rate, where the solar energy—related
studies dominate the number of publications in the
pre-millennial period. Figure 6a illustrates the dataset
divided into three main categories:

1. HVAC and engineering in public indoor facili-
ties,

2. Disinfection by-product (DBP)-related studies,

3. Outdoor and public swimming pools.

The remaining part of the records, apart from the
studies regarding outdoor and/or residential swim-
ming facilities, represents 15% of the publications in
the last two decades, as illustrated in Fig. 6a. These
publications include DBPs, HVAC, and engineering-
related topics, all technical, constructional, and oper-
ational. Figure 6a illustrates the distribution between
the defined groups, where the last two are represented
by approximately 40 and 45%, respectively. Bear-
ing in mind the importance of proper air quality and
the toxicity of the DBPs, which have been linked to
adverse health effects (Richardson et al., 2010), as
well as the parallel worldwide focus on energy use
and consequent environmental impact, this distribu-
tion is expected.

When looking into the publication trend, the pub-
lication rate versus the publication year, the strong
increase of the DBP-related publications rate in the
last decade is revealed. This increase can be seen for
the whole dataset as well, where 75% of the articles
are published after 2000. By comparison, looking
exclusively at the DBP publications, 90% of the DBP-
related articles are published in the last 15 years.

Publication year and average publication year

In the last two decades, there are only 154 publica-
tions within the HVAC and engineering category. The
average publication year is 2013, which indicates an
increasing number of publications toward this period.
This pattern is illustrated in both Fig. 6b and c. This
offset of the average publication year for the last two
decades makes this a state-of-the-art study. Figure 6b
lustrates the distribution for the entire dataset which
confirms this conclusion.

Sources

For the HVAC and engineering category, 85% of the
publications in the last two decades can be found in
the Scopus database. Approximately one third are
conference papers and the dominating scientific jour-
nal source is “Energy and Buildings” with about 10%
of the publications (Fig. 7). Only 5 out of 84 sources
in this dataset have published more than 2 articles.
This indicates a fragmented research field where
no specific scientific journals, besides “Energy and
Buildings,” emphasize contextualized research about
swimming facilities.

@ Springer
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Fig. 6 The structural over- (a) Outdoor and Swimming
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Authors and institutions records related to the HVAC and engineering cat-
egory, a total of 290 authors are represented. The
Research in the context of swimming facilities is distribution of the authors’ publication rate depicts
a field of growing interest. The publication rate has a field identified by many occasional authors where
been constantly increasing over the last two decades, approximately 90% have only one publication. The
cf. Figure 6b. For the bibliometric dataset of Scopus pattern of a fragmented field can also be seen in the
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Fig. 7 Most relevant
sources with number of
published articles
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distribution of authors as well. A comparison with
Lotka’s law, which describes the publication fre-
quency by the authors, demonstrates that the respec-
tive field is identified by few authors with multiple
publications. Lotka’s law is one of the basic laws of
informetric and explains the distribution of the sci-
entific productivity within a field. It shows that the
relation between the number of authors publishing a
certain number of articles is a fixed ratio to the num-
ber of authors publishing one article. The relation is
approximately inverse square.

Parallel to this, the group of core authors is equiva-
lently small, where only five authors are represented
by three publications. This wide dispersion is scru-
tinized in Fig. 8b, which depicts the total amount of
publications for the whole pool of authors (n=290).
The overall picture of this distribution is the occa-
sional pattern. Rajagopalan from Australia is by far
the most contributing author and, along with Bru-
land’s group at the Norwegian University of Science
and Technology (NTNU), represents the core group
of authors. Both Rajagopalan’s and Bruland’s groups
have publications with a comprehensive approach,
each with PhD theses within the subject (Duverge,
2019; Kampel, 2015). Both research groups focus on
the energy use in swimming facilities.

Contributing countries

The popularity and significance of a research field
can be identified by tracing the span of the geographi-
cal area and the contributing countries. The dataset of
the HVAC and engineering research area for the last

Energy and Buildings

E3S Web of Conferences
ASHRAE Transactions
Indoor and Built Environment

ASHRAE Journal
Energy Procedia

Applied Energy
Energies

Facilities

o
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Number of Documents
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two decades represents 154 articles. By rearranging
these with respect to the corresponding author, this
contextualized research is of special interest in the
developed countries. Europe is the main contribu-
tor by 76 articles and North America second by 34
articles, together representing over 70% of the publi-
cations. Figure 9 illustrates the distribution over the
continents. The publication intensity is well distrib-
uted in Europe, where 19 countries have contributed
with publications. Portugal and Italy are the most
contributing countries, each with nine articles fol-
lowed by Germany and UK with seven publications
each (Fig. 10). This depicts a research area with good
bibliometric dispersion.

Key areas

Even though the published articles in this predefined
field apparently seem fragmented, the pool of records
is closely connected in the thematic perspective. This
is illustrated in a Sankey diagram (Riehmann et al.,
2005) organized as a three-field plot in Fig. 11 (Aria
& Cuccurullo, 2017). This plot shows the most fre-
quent words in abstracts, author’s keywords, and
sources (scientific journals), illustrated by the size of
the boxes. The strength of the connections is identi-
fied by the line between the boxes. The most fre-
quent words identified in the abstracts give the main
terms of the research questions while the field of the
author’s keywords gives the main concepts on which
the domain is built (Carlucci et al., 2020). The terms
“energy efficiency,” “heat pump,” and “indoor air
quality” stand out in the abstracts, besides the obvious
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Fig. 9 The most contributing continents with respect to publications. Based on the affiliation of the corresponding author
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Fig. 10 The most contrib-
uting European countries
with respect to publications.
Based on the affiliation of
the corresponding author

Fig. 11 Three-field plot of
the building specific records
found in Scopus
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terms ‘“swimming pool” and “indoor swimming
pool.” Regarding the concept of the studies, given
in the field of author’s keywords, the term “energy,”
“water,” and “air” are distinguished. The scientific
journal “Energy and Buildings” is once again seen to
involve all of the combinations, but mostly “energy”
and “water.” The “ASHRAE Journal” is found to
include most articles distinguished by the term “air.”

Considering the Scopus dataset of HVAC and
engineering specific records, and inspecting the
occurrence of central terms, the following result is
found:

e “Energy” occurs in 80% of the topics (title, key-
words or abstract).
“Ventilation” occurs in 30%.
“Air quality” occurs in 20%.

e “Thermal comfort” occurs in 10%.

This indicates that most of the publications have an
energy-related approach where energy efficiency is a
central part of the research.

Results of thematic analysis

With the complex thematic structure of swimming
facilities, the fragmented research area found in the
bibliometric analysis is expected. Due to the multiple
purposes of these facilities, many issues during oper-
ation will occur as well. The primary function of the
facilities is to offer the user groups swimming pools
in a comfortable and harmless indoor environment.
Within this task, multiple topics are present, such as
thermal, acoustic, actinic, and atmospheric comfort.
In addition, the water quality is crucial, with respect
to temperature (thermal comfort), water treatment,
and air quality affected by Disinfection By-Products
(DBPs). Second, these main functions should be ful-
filled without harming the building envelope (issues
regarding building safety and life cycle cost), for
example, preventing corrosion and condensation.
Finally, these tasks should preferably be achieved
with minimum energy use.

Considering these factors together frames a
research area with a large potential for optimizing and
improving performance. The research communities
have approached all these fields to a different extent.
This section summarizes some of the most important
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research in the context of each discipline, for indoor
swimming facilities. Figure 12 provides the structure
of the analysis in this section.

Indoor thermal environment

When evaluating the indoor environment in a swim-
ming facility, the complexity appears in full scale.
For the thermal comfort part, the diversity of the user
groups is significant and ranges from experienced
swimmers using the facility for training purposes, to
water activities and swimming for kindergarten chil-
dren and the disabled. In addition, there are spectators
and lifeguards present where the latter are present for
hours. In other words, the diversity is present in both
the activity level, ranging from high to low, the clo
factor (from swimwear to normal clothing), as well
as wet and dry bodies. Hence, the task of providing
a good thermal environment for every user group is
challenging (Rajagopalan & Jamei, 2015).
Rajagopalan et al. (Rajagopalan & Jamei, 2015;
Rajagopalan & Luther, 2013) investigated the occu-
pants’ perception of thermal comfort and found a
high level of discomfort in natural and hybrid ven-
tilated facilities in temperate climates during hot
weather with the use of predicted mean vote (PMV)
and thermal sensation vote (TSV). Even though the
indoor environment is extreme with respect to air
temperature and humidity, the thermal perception
of the staff and spectators (dry bodies) was found
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to correlate well with the indoor temperatures and
PMVs. For the wet bodies, the case was different.
Swimmers act as multiple thermal objects dur-
ing the period of presence, both with dry and wet
bodies. Since the occupants’ thermal comfort is a
result of human heat balance (Abel et al., 2003)
and wet skin is a special case, an additional evapo-
ration term is required in the energy balance equa-
tion. This is not applied in the PMV method.

Revel and Arnesano (2014b) investigated the
perception of the thermal environment in sport
facilities, where a swimming pool environment,
including participants with wet skin, was among
the considered user group. In this study, a good
correlation was found between PMV and TSV for
swimmers with wet skin when applying an evapo-
ration term in the proposed heat balance equation
when calculating the PMV (Standard Norge, 2006).
For this specific study, the Stolwijk model for the
evaporation term (Lammers, 1978) was applied
with good results. It was also shown that the PMV
and predicted percentage dissatisfied (PPD) indexes
can be used to evaluate the thermal perception of
the swimmers and to make the facility management
informed of the facility’s performance with respect
to thermal comfort. This may give the facility more
satisfied users and also the possibility to optimize
the energy performance of the facility (Revel &
Arnesano, 2014a). By continuously monitoring
and evaluating, a satisfying thermal environment
may be obtained through the lifespan of a swim-
ming facility. However, measurements are no bet-
ter than the total uncertainty of the measurements.
For example, in Norwegian swimming facilities,
the sensors are placed in the extract chamber in the
central air handling unit (AHU) or in each AHU if
multiple. This does not take the indoor air distri-
bution in the facility into account (Arnesano et al.,
2016) and may not display the indoor thermal envi-
ronment in a proper way. Arnesano et al. (2016)
showed a significant improvement in the measure-
ments inside a swimming facility by optimizing the
sensor placement. In the specific case, the conven-
tional system performed within acceptable limits
for 60% of the period, whereas the improvement
with an optimized sensor placement performed sat-
isfactorily for almost the entire period.

Indoor air quality

Indoor air quality is mainly evaluated by the level
of airborne particulate matter and contaminants.
The research has provided considerable knowledge
regarding air quality to the HVAC community, mostly
through descriptive studies. This includes studies
regarding.

e Numerous disinfection by-products (Richardson
et al., 2010; Weaver et al., 2009),

e Occurrence and human consequences (Shaw,
1986; Benoit & Jackson, 1987; Kim et al., 2002;
Righi et al., 2014; Lévesque et al., 2015; Zhang
et al., 2015; Chowdhury, 2016; Nitter et al., 2018;
Gabriel et al., 2019; Nitter & Svendsen, 2019a),

e Formation of DBP (Jmaiff Blackstock et al., 2017,
Kim et al., 2017; Fakour & Lo, 2018),

e The impact of water treatment (Weng et al,
2012; Hansen et al., 2012; Weng et al., 2013;
Spiliotopoulou et al., 2015; Nitter & Svendsen,
2019b),

e Impact on the users and the user’s uptake (Chu
et al., 2013; Fernandez-Luna et al., 2013; Font-
Ribera et al., 2016; Hang et al., 2016; Parrat et al.,
2012; Xiao et al., 2012).

Due to the humid environment and the ventila-
tion intensity, dust is not found to be a problem in
swimming facilities (Kic, 2016). On the other hand,
DBPs from chlorine-based disinfection are associ-
ated with such facilities and of particular concern
(World Health Organization, 2006). This water treat-
ment method, which is the most common in swim-
ming facilities, secures the absence of pathogens
(viruses and fungi) in the water, which may cause
severe health effects if not removed (World Health
Organization, 2006). The reaction between chlorine
and organic matter from the occupants, such as hair,
sweat, skin cells, urine, and lotions, creates DBPs.
The presence of DBPs in the poolroom has been
linked to a variety of health issues (Liviac et al., 2010;
World Health Organization, 2006; Manasfi et al.,
2017). Within the DBP research area, the necessity
of proper ventilation is often emphasized, but without
any design specifications or suggestions (Berg et al.,
2019; Dyck et al., 2011; Erdinger et al., 2004; Nitter
et al., 2018). Due to the complexity of these kinds of
HVAC systems and the need for specific ventilation,
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energy, and building physics expertise, this is not
surprising. Anyway, the different studies underline
the awareness regarding the ways DBPs penetrate the
human skin, among which inhalation plays the most
important role. It is impossible to eliminate the for-
mation of DBP, but it can be limited by, for example,
reducing the DBP precursors and diluting the pollu-
tion by enhanced air supply or improvement of the
water treatment system (Manasfi et al., 2017; Ratajc-
zak & Piotrowska, 2019).

The traditional ventilation concepts are designed to
avoid condensation on surfaces (Nitter & Svendsen,
2019a). The air is normally supplied below the win-
dow surfaces and extracted from a centrally placed
extract air grill. This concept is applied even in newly
commissioned swimming facilities where the surface
temperatures theoretically never will drop below the
dew point (Ratajczak & Piotrowska, 2019). Even
though the DBP research community generally has
not provided any specific design codes or guidelines,
only emphasizing the importance of proper ventila-
tion to minimize hazardous inhalation, some of the
studies have recommendations.

The performance of the ventilation system, in rela-
tion to its intended function, depends on the fresh air
supply and air distribution. The traditional design has
been exclusively focused on protection of the build-
ing construction and keeping the indoor environment
within a given range of temperature and humidity.
Since the main source of air pollution in swimming
facilities is the water surface, there is consensus that
the design of the ventilation system is one of the most
important tasks in the work regarding improving the
indoor air quality for swimmers (Berg et al., 2019;
Nitter & Svendsen, 2019a; Ratajczak & Piotrowska,
2019; Saleem et al., 2019).

In the present studies, the operation of the venti-
lation system is rarely reported. While some report a
fresh air share between 20 and 100% of the total air
flow and a maintenance staff demonstrating a great
degree of uncertainty (Gabriel et al., 2019), oth-
ers report 4 to 6 air changes per hour (ACH) and a
ventilation control strategy based on controlling the
air flow by both temperature and humidity, aiming
to prevent condensation, and due to an annual large
enthalpy difference (Nitter & Svendsen, 2019b).
Another study reported that details regarding the
ventilation system were not known, neither the air
flow rate nor the system topography (Erdinger et al.,
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2004). This lack of technical knowledge is of course
expected due to the complexity of the facility and the
technical system. Consequently, this underlines the
need for interdisciplinary cooperation between the
HVAC and DBP research fields to get precise design
guidelines which can make a difference.

Despite the general lack of practical and useful
recommendations for design parameters and system
topography, exceptions exist. There are three pos-
sible ways to improve the air quality (Ratajczak &
Piotrowska, 2019):

1. Reduce precursors,
2. Apply better disinfection methods,
3. Improve ventilation in the occupied zone.

Reduce precursors DBPs are an unintended con-
sequence when the aim is to inactivate pathogens in
swimming pools. Since many of the DBPs found in
swimming pools are formed by the reaction of dis-
infectants, like chlorine, and natural organic matter
from humans (Richardson et al., 2010), an obvious
priority toward improved air quality is to reduce the
precursors. Since this is a result of human hygiene,
such as showering before swimming and avoiding
the discharge of urine during swimming, the task of
reducing this is not trivial or technical, but a socio-
anthropological task where guiding/informing and
possibly the layout of the shower room play an essen-
tial role. Even though urine is sterile itself, mixing
with pool water represents a public health concern.
Urine contains many compounds that can react with
disinfectants, as chlorine, and may form DBPs (Jmaiff
Blackstock et al., 2017). Since the potential limita-
tion of the introduction of organic matter may not
have an immediate effect on the DBP levels due to the
slow reactions with chlorine, the facility management
should emphasize continuous public awareness cam-
paigns (Parrat et al., 2012).

Apply better disinfection methods Although the
precursors are minimized, a complete elimination
of organics is impossible. Urine has a massive chlo-
roform DBP formation potential (Berg et al., 2019)
which is likely to end up in the pool’s air (Berg et al.,
2019). In addition, results have shown that removing
the volatile DBP trichloramine across the water treat-
ment train is not a feasible strategy due to the high
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formation rate in the pool (Skibinski et al., 2019).
Thus, the ventilation concept and fresh air supply for
the facility are crucial to reduce the negative health
impacts for the occupants. The layout of the water
treatment train is of major importance in minimizing
the harmful DBPs. For example, the use of granular
activated carbon filtration is shown to remove tri-
halomethane (THM), and the use of UV treatment
is shown to increase the air concentration of THMs
(Nitter & Svendsen, 2019b).

Improve ventilation in the occupied zone Remov-
ing airborne pollutants can be done by either mix-
ing ventilation concepts, by source capture through
replacement ventilation, or a combination of both.
Traditionally, the ventilation systems in Norwegian
swimming facilities are based on mixing ventilation
with low ventilation effectiveness, where the air is sup-
plied in the vicinity of the glazing facade and a centrally
placed extract air grill (Nitter & Svendsen, 2019a;
Polak, 2008b). The concept is based on the percep-
tion that the main purpose of the ventilation system
is to prevent condensation on the inner surface, sup-
ply sensible heat to the facility, and to dehumidify the
air. The concept is found in Norwegian guidelines, as
well as foreign references and standards, where the
importance of stagnant air or low air velocities by
the water surface is emphasized (Norges byggforskn-
ingsinstitutt, 2003; Polak, 2008a; ASHRAE, 2015;
Bghlerengen et al., 2004; Saunus, 2008; Standard
Norge, 2019a). This is due to the air velocity impact
on the pool evaporation rate. Since the space above
the water surface is the occupant zone by definition,
the traditional ventilation concept provides low venti-
lation efficiency and consequently relatively high val-
ues of DBP have been observed (Nitter et al., 2018).
However, this design is in accordance with the pre-
sent HVAC guidelines.

Air flow distribution

The air distribution in a swimming facility is of
major importance. A properly designed system will
supply fresh air to the breathing zones, remove air-
borne contaminants and disinfectant by-products,
and prevent condensation, corrosion, and strati-
fication (Lochner & Wasner, 2017). In the case of
the latter, improper design may cause severe dam-
age to both the building envelope and structures,

like staircases, diving platform towers, handrails,
and the technical equipment. In combination with
adverse material properties, pitting corrosion may
occur (Sedek et al., 2008; Szala & Lukasik, 2018).

Regarding the building envelope, exfiltration and
infiltration may result in moisture accumulation
that conceal deterioration of the building materi-
als (Ananian et al., 2019). Condensation inside the
facility may also cause corrosion, and in combina-
tion with poor ventilation efficiency the prevalence
of fungi may occur (Viegas et al., 2010). The venti-
lation system should also maintain the thermal and
hygroscopic environment within the preferred range
and minimize the level of DBPs. There is consen-
sus within the research community regarding the
importance of good ventilation in order to avoid
harmful environment for the pool users (Berg et al.,
2019; Manasfi et al., 2017; Nitter & Svendsen,
2019a; Nitter et al., 2018; Ratajczak & Piotrowska,
2019; Zhang et al., 2015). Due to the complexity of
swimming facilities and the multi-functionality of
the ventilation system, a refinement is not straight-
forward. There are three possible approaches to
improve the ventilation concept:

1. Improve ventilation efficiency (distribution),
2. Increase fresh air supply (dilution),
3. Remove DBP by source (concept).

Improving ventilation efficiency must be car-
ried out by supplying more fresh air into the occu-
pancy zone, which is against the present interna-
tional guidelines, where air flow in the vicinity of the
water surface is discouraged. Despite this, Cavestri
and Seeger-Clevenger (2009) found a top-level ven-
tilation concept in combination with a deck-level
exhaust system to be successful in maintaining
DBPs at low levels (Cavestri & Seeger-Clevenger,
2009; Baxter, 2012). By utilizing the physical prop-
erties of one of the most important DBPs, trichlo-
ramine, the system showed low levels of this DBP
with the same fresh air flow rate as suggested by
ASHRAE (2015; ASHRAE & ANSI, 2013). The
concept is based on a principle of displacement of
the polluted layer of air above the water surface,
and the exhaust air is completely extracted from
the facility, without being included in the air recir-
culating system, which is usual in swimming facili-
ties. However, some technical issues regarding the
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energy efficiency of the facility must be solved
when implementing this ventilation design.

As a part of the increased focus on reducing energy
consumption in the building industry during the last
decade, the Norwegian legislation has approached high
energy efficiency building codes and the passive house
concept (Standard Norge, 2012; The Norwegian Min-
istry of Local Government and Modernisation, 2017).
This includes swimming facilities as well. An improved
building standard reduces the heating demand and exfil-
tration/infiltration losses, increases the inner surface
temperature, and reduces disparity in air supply/extrac-
tion. Rojas and Grove-Smith (2018) have taken this into
account in their numerical study of possible ventilation
concepts in energy-efficient swimming facilities carried
out with CFD simulations. While the traditional high
recirculation air change rate in swimming facilities is due
to the need for good air distribution throughout the entire
hall in order to avoid condensation and obtain a satisfy-
ing indoor thermal environment, the air change rate may
be reduced and air circulation may be avoided (Rojas &
Grove-Smith, 2018). The proposed optimal system, a
“top level supply—low level extract” system with swirl
diffusers with vertically discharging air, achieved the
best air exchange and contaminant removal efficiency.
Despite the uncertainty with an unvalidated CFD model,
the importance of the low vertical location of the extract
air opening was emphasized, as Cavestri and Seeger-
Clevenger did (Cavestri & Seeger-Clevenger, 2009; Bax-
ter, 2012). Regarding the supply air design in general,
Limane et al. found improved air quality, improved ther-
mal comfort, and reduced air stratification and age of air
by increasing the air impulse and redirecting the air jet
toward the occupied zone (Limane et al., 2018).

The complexity of the air supply and air flow pat-
terns in large halls is considerable. Several microzones
may easily occur, with stratification and dead spots,
which can lead to severe corrosion, as previously men-
tioned. Areas with swimmers, people on the deck,
spectator areas, and exteriors that need condensation
and corrosion prevention need to be taken into account
in the design (Lochner & Wasner, 2017). Ratajczak
and Szczechowiak (2020) did just this in their study,
while zoning the swimming facility with three virtual
zones, each with dedicated ventilation systems: spec-
tator zone, wall and roof as well as a source capture
system for the occupant zone in the pool environment.
This solution was proven to perform with a possible
energy savings of maximum 36% as well.
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Numerical investigation

Regarding investigation of air flow distribution, sev-
eral numerical and experimental studies have been
carried out, each with a distinctive approach.
The phenomena of water evaporation and how
to implement this in a CFD model was treated
by both Ciuman and Lipska (2018), Blazquez et al.
(2017), and Blazquez et al. (2018). Here, empiri-
cal relationships and the use of predefined boundary
conditions were proposed. When modeling the indoor
environment of a swimming facility, the calculated
evaporation rate is of major importance due to its
impact on air density, the dew point, and, last but not
least, the overall energy use in the facility.

Lebon et al. (2017) used a validated zonal model
developed in TRNSYS to investigate the indoor air-
flow patterns and occupants’ perception of thermal
comfort. They documented inadequate air renewal in
the occupant zone and poor thermal comfort, with a
too hot and humid environment in this specific pool
hall including a semi-Olympic swimming pool.
Limane et al. (2017) further investigated this specific
facility by the weather effect on the indoor environ-
ment and documented a very small impact. Further-
more, the effect of the swimmers in the swimming
pool was evaluated and found to be of great impor-
tance for the indoor environment. The main advan-
tageous effect was found to be less stratification and
better air mixing, and the adverse effect was increased
specific humidity in the swimming zone. This under-
lines one of the main obstacles when modeling air
flow in swimming facilities, where most studies pre-
sent results from cases without occupant behavior.

Air handling unit and energy recovery

Along with the ventilation concept and the fresh air
supply, the air handling and the mechanical design
have a considerable impact on energy use. The
AHU plays a central role in swimming facilities
since it maintains the required thermal and atmos-
pheric indoor environment and is an important tool
to maintain safety (Standard Norge, 2019a). Since a
standard AHU for a swimming facility provides tem-
perature and humidity control as well as atmospheric
control, the main part of the internal energy flow
passes through the AHU, due to the absorbed moist
air related to the evaporation. As a result of this,



Energy Efficiency (2021) 14: 74

Page 17 of 27 74

the design of modern swimming facility—dedicated
AHUs includes the mechanical concept, the control
system, and the energy recovery concept. The latter
normally includes heat transfer between the air and
water circuits, which is crucial for maximizing energy
recovery.

For climatization and ventilation of swimming
facilities, there are mainly two concepts for dehumidi-
fication and air supply:

1. Outdoor air dehumidification—maximizing fresh
air supply,

2. Mechanical dehumidification—minimizing fresh
air supply by refrigeration dehumidification.

The first concept, combined with mechanical energy
recovery and dehumidification, is most widely used
in Scandinavian countries (Johansson & Westerlund,
2001). These systems have been investigated in multi-
ple studies, in several setups with heat pumps in sev-
eral layouts as well as absorption systems with absor-
bent (Johansson & Westerlund, 2001; Liu et al., 2014;
Qiu & Riffat, 2010; Ratajczak & Szczechowiak, 2020;
Sun et al., 2011). Johansson and Westerlund (2001)
proved the importance of a heat recovery system in
the air circuit in their study and reported approxi-
mately 20% reduction in the total energy demand for
this application. As Liu et al. concluded (Liu et al.,
2014), Johansson and Westerlund also identified an
absorption system to be the most efficient of the two
concepts. Due to the well-established technology in
the market, the heat pump system should normally be
the preferred equipment in new projects (Johansson
& Westerlund, 2001). This recommendation is based
on the importance of optimal continuous operation of
equipment that is both operator-friendly and supplied
with well-defined supplier-directed responsibilities
due to the overall functioning over the lifetime span
of operation.

The energy supply system

The energy systems in swimming facilities are com-
plex even in the basic layout; they include water cir-
cuits, air circuits, makeup-water system, and often
multiple heat pumps and complex control strategies
due to the demanding indoor environment and the
need to control the evaporation phenomena. Since the
energy performance of the swimming facility depends

both on the technical layout and the presence of a heat
recovery system (Kampel et al., 2014), predesigned
energy recovery systems are available on the market.
These are for the heat recovery of exhaust air and
waste water. Generally, the design of these systems
requires a highly conscious designer, with respect to
the layout to the selection of equipment since high
energy use is related to weaknesses in the build-
ing design and maintenance (Kampel et al., 2016).
Kampel et al. found that the Norwegian swimming
facilities had an excessive energy use, approximately
30% above the expected level (Kampel et al., 2013).
In addition, they found considerable variation in the spe-
cific energy use. Comparing this to the specific energy
use per visitor, presented by Rajagopalan (2014), no
consensus regarding energy use is observed. There
may be many reasons for this, but the operation of the
facility is obviously one of them.

The dispersion in energy use and the complexity
of the facility underline the importance of an opera-
tional and maintenance tool for the operation staff.
Kampel et al. emphasized the importance of this
by using benchmarking in operation for identifying
operational irregularities. He proposed a “key per-
formance indicator” based on energy usage data for
43 Norwegian swimming facilities (Kampel et al.,
2016). This general approach can be regarded as a
“first help aid” for operating swimming facilities
because of its general approach and the accuracy of
the method. While Kampel et al. claimed that over-
all water usage is the most correlated variable to the
energy usage, the literature differs in the use of “key
performance indicator” for energy use in swimming
facilities. Other studies did not find any strong cor-
relation to water usage (Duverge et al., 2018) but
found the strongest correlation to the bather load and
the number of opening days (Nitter et al., 2019), or
referring to usable area (kWh/m%.a) (Rajagopalan,
2014; Swim England, 2016) or water surface area
(kWh/ws.a) (Trianti-Stourna et al., 1998). This indi-
cates that this benchmarking tool, based on statistical
data from multiple facilities, could not be the optimal
solution as an operational guidance tool for securing
optimal operation of the facility. This is mainly due
to the accuracy and the variety of facility types, and
the fact that the concept of benchmarking is “look-
ing backwards” and comparing annual energy use of
existing swimming facilities to avoid operation dis-
ruption in new facilities.
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Operation of the facility

The overall energy consumption of the building and
the consequent environmental impact is dependent on
the operational phase of the building (Rincon et al.,
2013), and this should be emphasized. The lack of
supervision of a building’s performance after com-
missioning and during the operational stage as well
as the complexity of rating systems are identified as
some of the major obstacles associated with building
performance assessment systems (Namini et al., 2014;
Rincon et al., 2013). Despite this, the literature gener-
ally lacks rating systems as operational support, both
as tactical and operational tools (Ruparathna et al.,
2017). In swimming facilities, the complexity of the
rating system and the impact of the operation may be
expected to be substantial. The consequence of inap-
propriate operation of the HVAC system in swim-
ming facilities may cause problems like degradation
of equipment and the occurrence of the sick building
syndrome (Pietkun-Greber & Suszanowicz, 2018), in
addition to increased water and energy usage.

The complexity of creating such a rating system
for swimming facilities is well illustrated by the esti-
mation of the energy use, which is crucial in a rating
system for this building category. Several researchers
have proposed calculation methods for this by intro-
ducing physical models (Lu et al., 2015), machine
learning tools (Yuce et al., 2014), and building per-
formance simulation tools like IDA ICE (EQUA Sim-
ulation AB, 2020) or TRNSYS (Calise et al., 2018;
Mancic” et al., 2014), each represented by pros and
cons. However, none of these calculation methods
can be easily implemented into average operation
management.

The design phase

Besides the importance of the facility operation, the
design phase is crucial for the performance of the
facility. The engineers design a system that aims to
fulfill the building-defined energy usage ambitions
and the user demand regarding the indoor environ-
ment. This task is a multi-objective optimization
problem including technical issues and the construc-
tion of the building envelope where holistic and in-
depth knowledge is required. For example, research
has established that an improvement in the thermal
properties of the building envelope is proven to have
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the potential of reducing the energy consumption by
20%, considering a refurbishment project (Isaac et al.,
2010). The dependence between the indoor environ-
ment and energy use is also found by Westerlund et al.
(1996), where the air temperature and humidity had a
considerable impact on energy use. Due to the influ-
ence of an open water surface, the indoor temperature
may have the opposite effect on the energy use com-
pared to conventional “dry” buildings. Depending on
the type and extent of the heat recovery system in the
AHUs, the temperature level will affect the energy
use differently. A system without a heat recovery sys-
tem will profit from a relatively high indoor air tem-
perature (Johansson & Westerlund, 2001) whereas a
concept with a highly developed heat recovery system
will profit from a lower indoor air temperature. This
is due to the interaction between thermal losses in the
swimming hall, the air flow losses, and evaporation
from the pool surface. Ribeiro et al. treated this inter-
action in their work, where the use and selection of
set-point temperature and humidity was investigated
and discussed (Ribeiro et al., 2011, 2016). By intro-
ducing alternative control variables, dew point and
wet bulb, as well as alternative ranges, they proved
an energy cost savings for the specific case study of
about 8% (Ribeiro et al., 2016). This indicates a large
energy savings potential just by adjusting the soft-
ware for the building energy management system.

The control system and the choice of controller is
another important topic. Normally, the HVAC system
is equipped with P, PI, and PID controllers, depend-
ing on the purpose. The use of predictive control, in
combination with solar systems, with early shut-off,
proved to reduce the energy demand by approximately
20% and the fuel consumption by approximately 40%
(Delgado Marin et al., 2019). This improvement was
due to the successful task of maximizing the applied
solar energy into the system. The concept of predic-
tive control is especially suited for making the system
operate with an economically optimal regime, where
the heat supply can be directed to periods with high
electricity charges (Zemtsov et al., 2017).

Taking into consideration the thermal mass of the
swimming pool, the proper selection of the control
parameters is associated with reduced operational
cost, similar to the case for outdoor swimming pools
(Venkannah, 2002). This thermal mass may either be
utilized in the energy plant locally, with the purpose
of reducing energy consumption and for effect peak
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shaving purposes (Woolley et al., 2011) or for peak
shaving for district heating systems for neighbor-
hoods (O. Kim et al., 2018).

When taking the pool into account, with an active
approach as mentioned above, the importance of
evaporation cannot be underestimated. The conse-
quences of misjudging the magnitude of the evapora-
tion rate will result in either a dysfunctional HVAC
system (in case of the design phase) or excessive
energy use (if uncontrolled in the operation phase).
Due to the complex nature of these phenomena, cal-
culation is not a straightforward task. Numerous
articles have been published over the last century
regarding this subject, all of them based on Dalton’s
first empirical investigation that determined the law
of partial pressure which was published in the early
nineteenth century (Dalton, 1802). Although there is
a lack of consensus regarding one particular calcula-
tion method, some major methods stand out.

The widely known correlation which Carrier pro-
posed in 1918 (Carrier, 1918) was based on results
from a set-up with an unoccupied water surface and
by experiments using forced air flow. Even though
the set-up only included forced convection, the equa-
tion has also been used for natural convection by set-
ting the velocity term to zero. The equation has been
widely used throughout the century for all sorts of
facilities, and applied in the ASHRAE handbooks
(ASHRAE, 2015), where an additional activity factor
is applied to the equation.

Smith et al. investigated the evaporation rate for
both indoor and outdoor swimming pools, as well as
occupied and unoccupied pools (Smith et al., 1993,
1994, 1998). They confirmed the form of the Carrier
equation but proposed a correction factor for unoc-
cupied cases and an activity factor for the occupied
cases. They found that the Carrier equation overpre-
dicted the evaporation rate when applied in cases with
unoccupied pools.

Hanssen and Mathisen (1990) performed experi-
ments in a school swimming pool in Trondheim,
Norway, and proposed a semi-empirical equation for
estimation of the evaporation rate. The equation has
been important for Norwegian engineers since it was
published in 1990, and has been referred to in the
academic literature by Stensaas (1999) and in the NBI
engineering guidelines (Norges byggforskningsin-
stitutt, 2003). The equation is valid for both occu-
pied and unoccupied pools using a proposed activity

factor. Even though the activity factor is proportional
to the number of swimmers in the pool, it was empha-
sized in the study that the evaporation rate increases
more like a step function, even with a few swimmers
present.

During the last three decades, Shah has published
several articles regarding his work on evaporation
correlations (Shah, 1992, 2002, 2003, 2008, 2012,
2013, 2014). The equations presented are based on
physical phenomena, theory, and empirical data. Shah
validated his formulas with all available test data and
compared the accuracy with several present correla-
tions (Shah, 2014). His equations and calculation
algorithms predicted evaporation for unoccupied and
occupied pools with a mean deviation of approxi-
mately 21 and 16%, respectively (Shah, 2012).

Other empirical equations of major importance to
industry are provided by the VDI guidelines (Verein
Deutscher Ingenieure, 2010). VDI applies to heating,
room air, sanitary installations, and electrical systems
in public indoor swimming pools and for Germany
can be considered as ASHRAE is for the USA.

Prediction of performance

Several studies regarding evaluation of the pre-
sent evaporation equations have been carried out.
While Shah (2014) evaluated the performance in
his own algorithm to be the most accurate, Ciuman
and Lipska (2018) found the most accurate correla-
tion to be the VDI correlation (Verein Deutscher
Ingenieure, 2010), by comparing the performance
of Carrier (1918), Smith et al. (1993), Shah (2014),
ASHRAE (2007), VDI (Verein Deutscher Ingenieure,
2010) as well as Biasin and Krumme (1974). Li and
Heiselberg (2005) found that the ASHRAE correla-
tion (ASHRAE, 2007) gave a good prediction for
higher occupancies, while Shah’s correlation for
unoccupied pools (Shah, 2002) and occupied pools
(Shah, 2003) gave the best prediction. This underlines
the uncertainty when dealing with evaporation. This
challenges the designer of the HVAC system because
this uncertainty affects the overall system efficiency.
Taking into account the overall complexity when
including the energy plant and the ventilation sys-
tem when predicting the annual energy consumption,
the use of building performance simulation (BPS)
tools is crucial for optimizing and sizing the systems.
Concerning prediction of evaporation in multizone
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network, the BPS tool IDA ICE (EQUA Simulation
AB, 2020) has implemented the ASHRAE equation
(ASHRAE, 2007) while Transsolar’s TRNSYS pool
add-on (Auer, 1996) has applied the VDI equation for
occupied pools (Verein Deutscher Ingenieure, 2010).

Regarding the design of the energy plant, improve-
ments regarding the layout can be done by optimiz-
ing the configuration. An optimal configuration and
capacity of a polygeneration system gives good solu-
tions for a specific case, but are often based on the
present energy demand (Manci¢ et al., 2018). The
task is not trivial and knowledge with respect to
detailed information regarding the performance is
crucial (Luo et al., 2019). There are numerous pos-
sible sources; some are especially adapted to the
specific building and location and some are not. For
example, the use of a solar roof has been proved
successful (Archibald, 2017) as well as buildings
interacting with each other and sharing energy (Abo
Elazm & Elsafty, 2011; Kuyumcu et al., 2016).

Chow et al. (2012) used TRNSYS (Klein et al.,
2017) to investigate the use of a solar-assisted heat
pump for a public swimming center located in Hong
Kong. They found that the installation performed
well with an economical payback period less than
5 years. Even though tropical and subtropical areas
are assumed to be favorable, solar energy systems are
not the preferred energy source for public swimming
facilities in all areas (Fuller et al., 2017). Fuller et al.
(2017) assessed the viability for a solar heating sys-
tem in the southern part of Australia and found the
investment to be relatively favorable with a payback
of about 7 years. However, the system was found not
to be common in public facilities, where the barriers
were unchanged for the last 30 years. These studies
illustrate the need of a BPS tool in the design phase.

Along with the improvement in the building stand-
ard for the whole building stock, and the consecutive
reduction of the energy consumption, the implemen-
tation of power-demanding devices has been substan-
tial. Due to this, peak demand tariffs have been intro-
duced. This encourages the end users to reduce their
power demand. By applying demand control strate-
gies, studies have shown a reduced peak power cost
by approximately 15% by the use of battery storage in
a medium-sized swimming facility which includes a
grid-connected photovoltaic system (Berglund et al.,
2019). The potential for optimizing these kinds of
facilities seems substantial but is highly complex.

@ Springer

Consequently, software and modeling techniques
for the engineering community must be developed
further.

Conclusions

This paper presents a review of the research in the
area of swimming facilities in the context of heat-
ing, ventilation, and air conditioning (HVAC). Dif-
ferent aspects of swimming facilities have been cov-
ered including air quality, ventilation, and energy
performance. The contribution in each field has been
presented as well as the research focus. The under-
standing of swimming facilities as a building type
is a highly complex task as it is a system involving
numerous interacting disciplines. The aim of this
paper has been to create a better understanding of the
topic and reveal the weak spots in the current state of
the art.

Air quality and ventilation

The research field of disinfection by-products (DBPs)
in swimming facilities appears to be mature and has
evolved to be the most important research area dur-
ing the past decade given the largest number of
publications.

In general, the gap between research and engineer-
ing is wide in this field. If designers are to use the
findings related to this topic, precise recommenda-
tions must be provided and the close relation to the
interaction with the HVAC system must be precisely
described. Future studies that aim to provide knowl-
edge for improved design should be carried out by
multidisciplinary research teams in order to ensure
that the results are possible to implement and inter-
pret in the context of HVAC and system architecture.
However, there is consensus that DBPs in indoor air
in swimming facilities should be dealt with by an
effective ventilation system:

o The ventilation concept of source capture has proven
to perform well (Cavestri & Seeger-Clevenger,
2009; Baxter, 2012), even though this design is in
contradiction to national and international guide-
lines which recommend to avoid, or minimize, the
air movement in the swimmers’ breathing zone,
due to its effect on evaporation. However, apply-
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ing the concept of source capture leaves the chal-
lenge to the present design of AHUs with large
internal flow of recycled air, which must be modi-
fied in order to ensure high energy efficiency for
the facility.

o The fresh air flow rate is found to correlate with
the dilution of contaminates and the concentra-
tion of DBPs (Nitter & Svendsen, 2019a). How-
ever, no consensus is found regarding the recom-
mended fresh air flow rate. Some studies call for
“100% fresh air” (29), another “a large air volume”
(Parrat et al., 2012). A few studies recommend a
customized control system for the fresh air sup-
ply by including variables like “water quality” and
“bather load” (Nitter & Svendsen, 2019a). State-
of-the-art AHUs dedicated for swimming pools
have complex control systems where the supply
air flow rate is decided by variables like operat-
ing mode, supply air temperature, extract air tem-
perature, air humidity, and heat supply. New addi-
tional variables must be precisely evaluated due
to the increased complexity, the additional risk of
excessive energy use, and the overall vulnerabil-
ity of the system. In general, an increased fresh air
supply will reduce indoor humidity and result in
greater evaporation and energy use, in addition to
the impact on thermal comfort.

e The lack of prediction models for the generation
rate of DBPs has been identified since this is an
important index when designing ventilation sys-
tems. Present guidelines and regulations, like the
national guidelines (Bghlerengen et al., 2004;
Norges byggforskningsinstitutt, 2003; Polak,
2008b), international guidelines (ASHRAE &
ANSI, 2013; Verein Deutscher Ingenieure, 2010;
ASHRAE, 2015; World Health Organization,
2006; Standard Norge, 2019b), and Norwegian
codes (The Norwegian Ministry of Local Govern-
ment and Modernisation, 2017; The Norwegian
Ministry of Labour and Social Affairs, 2011), are
all divergent with regard to recommendations, and
a proper calculation tool for optimized fresh air
flow rate should therefore be developed.

In addition to the abovementioned key elements
and considering that a complete stop of the applied
DBP’s precursors is unattainable, a hygienic control
and improved water treatment should be emphasized
in swimming facilities.

Energy

Several studies have treated alternative control strat-
egies in swimming facilities and emphasized the
potential in the building energy management systems
(BEMS). For example, the use of alternative control
variables like dew point and wet bulb temperature in
alternative ranges proved an energy cost savings of
about 8% for the specific case (Ribeiro et al., 2016).
This indicates a large energy savings potential only
by adjusting the software for the BEMS. The concept
of predictive controls has also proved to be especially
suited for making swimming facilities with solar sys-
tems operate with an economically optimal regime
due to the thermal mass of the pool. However, the
research field of energy systems in swimming facili-
ties in cold climates is found to lack research on solar
energy applications despite the considerable potential
represented by the constant high electric load and the
large thermal mass represented in the pool.

The system design defines the operational bound-
ary constraints. Due to the multiple disciplines rep-
resented in the building, the need of predicting and
optimizing the performance is considerable, both
by means of dynamic and steady-state simulations
considering the overall energy performance of the
facility. This also includes modeling the complex
phenomena of evaporation where there is a lack of
consensus in the research.

Operation

Even a well-designed swimming facility is no better
than its operation. The operation of swimming facili-
ties is a multi-objective optimization problem that
requires tactical and operational management. The
probability of operational failure is substantial if only
annual energy consumption and water usage measure-
ments are included in the operators’ benchmarks for
the facility. The literature lacks benchmarks and rat-
ing systems, and both indexes and easily implementa-
ble methods should be developed. A rating system,
as an operational tool, would ensure better opera-
tion concerning the facility’s primary functions, the
indoor environment, and the energy use.
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