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Abstract  
The evaporation rate from the swimming pool is a main 
parameter influencing the energy use in swimming 
facilities. Quantifying this phenomenon is crucial when 
modelling the facility in Building Performance 
Simulation. This study investigates the accuracy of 
ASHRAE equation using field measurements. This 
equation is widely used and implemented in BPS tools, 
such as the pool model in IDA ICE. The investigated 
dataset was based on two different indoor swimming pool 
facilities in Norway. It includes in total 75 swimming 
lessons (i.e., occupied pool) and 477 hours of unoccupied 
operation. While ASHRAE recommend 1.0/0.5 for 
occupied and unoccupied pools, respectively, the average 
activity factor was found to be 0.7 and 0.8 for the 
investigated occupied pools, with a maximum at 1.1. 
Moreover, the activity factor was between 0.50 and 0.57 
for unoccupied pools.  

Introduction 
Precise calculation of the evaporation rate is essential 
when planning and optimizing the indoor environmental 
and energy system in swimming facilities. Evaporation is 
very energy-intensive and affects both the water side and 
the air side of the boundary layer along the water surface. 
On the water side, the evaporation cools the pool water 
while on the air side, the evaporation contributes to high 
indoor relative humidity which must be controlled to 
ensure a safe indoor climate for both the building and the 
users. Building performance simulation (BPS) tools 
approaches the task of calculation of the evaporation rate 
in different manners with different equations.   
Over the last century, a number of scientific studies 
regarding the prediction of the evaporation rate have been 
published. The results differs considerably (Shah 2014) 
and there has not been found any consensus in this field 
(Smedegård et al. 2021). The various studies have been 
carried out using both laboratory experiments and on-site 
experiments. 
One of the most commonly used correlations was 
published by Carrier in 1918 (Carrier 1918). This 
correlation was developed by measurement data from 
small-scale laboratory experiments. The equation, which 
is based on Dalton description (Dalton 1802), has a simple 
structure and is recommended by ASHRAE's handbooks 

(ASHRAE 2015). Despite the fact that the setup only 
included experiments with forced convection, the 
equation is widely used for cases with air speed down to 
0 m/s. ASHRAE has simplified the equation by reducing 
the air speed variable to zero. The equation is 
recommended for estimating the evaporation rate for 
occupied pools. ASHRAE has also distributed 
recommendations of activity factors based on the type of 
pool. For cases with an unoccupied pool, it’s 
recommended to multiply the results by 0.5. No reference 
to this recommendation is found in the literature. This 
equation is widely used and e.g. implemented in the BPS 
tool IDA ICE’s Pools extension (EQUA Simulation AB 
2022).  
Through the 1990’s, Smith et al. (Smith et al. 1993, 1994; 
Smith et al. 1998) investigated the accuracy of Carrier's 
equation for both indoor and outdoor pools, occupied and 
unoccupied. Through their research, they found that the 
equation underpredicted the evaporation rate when the 
pool was occupied and overpredicted it when the pool was 
unoccupied. 
In parallel with Smith et al., Shah published several 
articles in which he presented an algorithm for calculating 
the evaporation rate for indoor occupied and unoccupied 
pools (Shah 1992, 2002, 2003, 2008, 2012a, 2013, 2014). 
His algorithm includes equations that were developed 
from both a theoretical and empirical basis. He validated 
his method using all available measurement data from 
other test studies and proved that the method produced the 
most reliable results. Similar to Smith et al., Shah also 
implemented a variable describing the use of the 
swimming pool. While Smith et al. recommended the use 
of a correction factor of 0.76 and 1.26 for unoccupied and 
occupied pools, respectively, Shah recommended the use 
of a variable identifying the number of people in the pool, 
where an increasing number of bathers increases the 
evaporation rate. Hanssen and Mathisen (1990) applied 
the same variable, the number of bathers, in their study. 
However, one of the findings was that the evaporation rate 
was observed as a step function, where the number of 
bathers did not influence the evaporation rate as much as 
the operation of the pool itself (meaning occupied or 
unoccupied). Hanssen and Mathisen based their research 
on full-scale experiments, with school children as bathers. 
None of the mentioned studies quantified the activity 
level of the bathers.  
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Based on these studies and their use of the activity factor 
to calculate the evaporation rate, this paper investigates 
the activity factor in the ASHRAE equation which 

describes the use of the pool, i.e. the number of bathers,  
their activity level and how these can be represented by 
an activity factor. This represents a crucial input variable 
when estimating the performance of swimming pools in 
BPS tools.  

Method 
The paper investigates full-scale measurements of the 
evaporation rate for swimming pools. The general 
approach of this study is described by three stages.  
1. Measure the evaporation rate and quantify the usage 

of the pool, both number of users and their respective 
activity level.  

2. Calculate the corresponding activity factor by 
combining the measured evaporation rate with the 
ASHRE equation 

3. Compare calculated activity factor with 
recommended activity factor given by ASHRAE 
(2015) with the aim to validate the selection of this  
factor.  

The ASHRAE equation is given as Equation 1. 𝑚̇𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 
represent the evaporation rate [kg/s], 𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the area of 
pool surface [m²], 𝑝𝑝𝑤𝑤  is the saturation vapor pressure 
taken at surface water temperature [kPa], 𝑝𝑝𝑎𝑎 is the 
saturation pressure at room air dew point [kPa] and 𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎 
is the activity factor [-]. 
The evaporation rate was experimentally investigated in 
two separate swimming facilities, with similar layout and 
user groups. The evaporation and usage data were 
collected during the period of January to March 2020, at 
the multipurpose center at Jøa and Dalgård school in 
Trondheim, both in Norway.  
Measuring the evaporation rate is not straightforward as it 
cannot be measured directly. In the literature, several 
methods for measuring evaporation have been applied. 
These can be described by [1] the energy balance for 
water circuit, [2] the mass balance for water circuit and 
[3] the moist mass balance for swimming hall. Table 1 
shows an overview of methods that have been used in 
some of the available research articles within the topic. 
Our study was performed by applying the moisture mass 
balance for the swimming hall. The equation is given in 
Equation (2) while  Figure 1 shows a schematic 
illustration of the mass balance. 𝑚𝑚𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is the moist 
content in the swimming hall room in [kg],  𝑚̇𝑚𝑠𝑠𝑠𝑠𝑠𝑠 is the 
supplied moist mass flow rate by supply air [kg/s], 𝑚̇𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 

 Table 1 Overview of the applied methods for identifying evaporation rate in the literature. 

Authors Year Title Method Comment 

Hanssen and 
Mathisen (Hanssen. 
and Mathisen. 1990) 

1990 “Evaporation from swimming pools” Moist mass balance 
(air) 

Occupied/ 
Unoccupied 

Smith et al. (Smith 
et al. 1993) 

1993 “Energy requirements and potential 
savings for heated indoor swimming 
pools” 

Water mass balance Unoccupied 

Smith et al. (Smith 
et al. 1998) 

1998 “Rates of evaporation from swimming 
pools in active use” 

Energy balance for 
the pool circuit 

Occupied 

Shah, M. M. (Shah 
2002) 

2002 “Evaluation of available correlations 
for rate of evaporation from 
undisturbed water pools to quiet air” 

Moist mass balance 
(air), water mass 
balance and air flow  

Occupied/ 
Unoccupied 

Lu, T., et al. (Lu et 
al. 2014) 

2014 "Prediction of water evaporation rate 
for indoor swimming hall using neural 
networks" 

Moist mass balance 
(air) 

Occupied/ 
Unoccupied 

Ciuman, P. and B. 
Lipska (Ciuman 
and Lipska 2018) 

2018 "Experimental validation of the 
numerical model of air, heat and 
moisture flow in an indoor swimming 
pool" 

Air state in the room, 
comparison with 
CFD-model 
calculations 

Unoccupied 

𝑚̇𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 4 ∙ 10−5 ∙ 𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∙ 𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎 ∙ (𝑝𝑝𝑤𝑤 − 𝑝𝑝𝑎𝑎) (1) 
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is the supplied moist mass flow rate due to evaporation 
from the water surface in [kg/s], 𝑚̇𝑚𝑖𝑖𝑖𝑖𝑖𝑖 is the supplied 
moist mass flow rate by due to infiltration in [kg/s] and 
𝑚̇𝑚𝑒𝑒𝑒𝑒𝑒𝑒 is the extracted moist mass flow rate by the extract 
air flow in [kg/s].  

𝑑𝑑𝑚𝑚𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑑𝑑𝑑𝑑 = 𝑚̇𝑚𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑚̇𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑚̇𝑚𝑖𝑖𝑖𝑖𝑓𝑓 − 𝑚̇𝑚𝑒𝑒𝑒𝑒𝑒𝑒  (2) 

 
Figure 1 Schematic illustration of the key components 

affecting in the mass balance in the hall. 
The experimental campaign comprised data of in total 75 
swimming sessions and 477 hours with the pool 
unoccupied. The experimental data from the swimming 
facility at Jøa included 31 swimming sessions and 385 
hours with the pool unoccupied, while the swimming 
facility at Dalgård covered 44 swimming sessions and 92 
hours of unoccupied operation. Both swimming pools 
have the same size, i.e., 100 m2 and 12.5 m long, and are 
used for educational purposes during school hours, and by 
individuals and organizations otherwise. Table 2 shows 
the pool water temperature, the dry bulb temperature for 
the room air and the nominal extract air volume flow rate 
for the facilities observed during the period of data 
collection. Figure 2 shows the swimming pools of Jøa and 
Dalgård. 
Table 2  Pool water temperature, room air dry-bulb 

temperature and extract air volume flow rate 
for Dalgård and Jøa. 

 Dalgård  Jøa 
Pool water 
temperature 

Avg - 33.0 °C 

Min/max 32.5/33.5 
SD - 0.3 

Avg - 31.1 °C 

Min/max 30.2/31.4 
SD - 0.17 

Room 
temperature 

32.0 °C 
Min/Max 31.6/32.3 

SD - 0.13 

31.5 °C 
Min/max - 31.4/31.7 

SD - 0.05 

Air flow 
(day/night) 

6500/6500 m3/h 8200/6600 m3/h 

Results 
Figure 3, Figure 4 and Figure 5 illustrate the results from 
the campaigns at Dalgård and Jøa. The evaporation rate 
data for occupied pool was averaged for each swimming 
session. The evaporation rate data when the pools were 
unoccupied, was averaged for each hour.  

For the case of Dalgård, the activity level of the users was 
observed for each swimming session. This range is 
presented in Figure 7 where the activity level is averaged 
for each session. 
The activity level was defined on a scale from 1 to 3, in 
steps of 0.5, where 1 represents recreational easy 
swimming and 3 is high activity with splashing and 
waves. It needs to be emphasized that the registered 
activity levels did not correspond to ASHRAE’s activity 
factor since they didn’t include the number of bathers 
present in the pool. 

 
Figure 2  The swimming pool at Dalgård (upper) and 

Jøa (lower). 
 
Table 3 summarizes the recommended activity factors 
provided by the ASHRAE handbook (ASHRAE 2015).  
The increased activity factor, from unoccupied to 
occupied pools, reflects the increased contact area 
between air and water due to waves, ripples and mist, 
which also increase with the number of occupants and the 
activity level. This implies an increase of the “active” pool 
area (Shah 2012b).  
For the case of unoccupied pools, ASHRAE (2015) 
recommends a activity factor of 0.5, ref. 
Table 3. This level is also reflected in the results of the 
experimental campaigns at Jøa and Dalgård, which were 
represented by an averaged activity factor of 0.5 and 0.57, 
respectively. The results regarding the evaporation rate 
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for unoccupied pools is shown in Figure 3. The difference 
in the activity factor for these swimming pools addresses 
several explanatory variables. Firstly, the ventilation 
concept, i.e. the air distribution, differ for these two 
swimming facilities, as shown in Figure 2.  
Table 3   Recommended activity factors given in the 

ASHRAE handbook. 
Type of Pool Activity Factor Fa 
Baseline (pool unoccupied) 0.5 
Residential pool 0.5 
Condominium 0.65 
Therapy 0.65 
Hotel 0.8 
Public, schools 1.0 
Whirlpools, spas 1.0 
Wave pools, water slides 1.5 

At Dalgård, the air is supplied by air-nozzles, while at Jøa 
it is based on diffuse air supply by textile ducts beneath 
the ceiling. In addition, one of the extract grills at Dalgård 
is placed close to the floor, and also to the pool surface. 
These differences in ventilation design imply a possible 
higher air speed close to the water surface at Dalgård, 
which increases the evaporation rate. Another possible 
explanatory variable is the difference in water and air 
temperature. Even though this is taken into account in the 
respective water vapor saturation pressures in Equation 1, 
this implies that the ASHRAE equation does not takes this 
into account in a proper way. However, considering the 
large difference in absolute evaporation rates between 
these facilities, the calculated activity factors for 
unoccupied pools was found to agree with the 
recommended value provided by ASHRAE. The absolute 
evaporation rate for the two swimming facilities was 
characterized by an average value of 24.3 kg/h for 
Dalgård and 14.3 kg/h for Jøa.  
For the occupied pool experiments the calculated activity 
factors are given in Figure 4. The range of the calculated 
factors indicates a wide variation in swimming session 
types for both swimming facilities. The evaporation rate 
at Dalgård has an average value of 33.5 kg/h, with a 
maximum of 45.9 kg/h and a minimum of 19.2 kg/h. The 
corresponding numbers at Jøa is 20.4 kg/h in average for 
each session, a maximum of 29.1 kg/h and a minimum of 
12.9 kg/h. As mentioned, the boundary conditions are 
different so the absolute level of these numbers should not 
be compared without considering these differences.  
Regarding the activity factors for occupied pools, Dalgård 
is characterized by an average of approx. 0.8, ranging 
from 0.5 to 1.1, while Jøa is represented with an average 
of 0.7, ranging from 0.4 to 1.1. These key numbers show 
that the pools are normally below the provided 
recommendation from ASHRAE, which recommends 1.0 
for occupied school pools. However, considering the 
numbers of occupants represented in the dataset of the 

swimming sessions, it seems to be below what was 
considered as design conditions for such pools.  

 
Figure 3 Box plot presenting the calculated activity 

factor based on the unoccupied pool mea-
surements at Dalgård (left) and Jøa (right). 

Pools of this depth, as Jøa and Dalgård, are normally 
designed for a user intensity of 2,7 m2/swimmer (Verein 
Deutscher Ingenieure 2010; Norsk Bassengbad Teknisk 
forening 2000). This gives a design load of 37 bathers. 
Compared to the collected user intensity in our dataset, 
the use of these pools is neither at this level, neither in 
average or maximum. Figure 5 show the user intensity 
where Dalgård is represented with an average load of 11 
bathers, ranging from 3 to 22 bathers/session. Jøa is 
represented with an average load of 7 bathers, ranging 
from 1 to 20 bathers.    

 
Figure 4  Box plot presenting the calculated activity 

factor based on the measurements and 
observations for occupied pool for Dalgård 
(left) and Jøa (right). 

The difference in user intensity between these facilities is 
also found in the calculated activity factors. Both facilities 
are identified with a maximum calculated activity factor 
of approx. 1.1. as well as a maximum user intensity of 
approx. 20 swimmers (20 for Jøa and 22 for Dalgård). 
This corresponds well and implies that an activity factor 
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of 1.1 represents the design condition. The difference in 
the average activity factor is found to differ, which is 
expected due to the difference in average user intensity. 
Also, the minimum calculated activity factor is found to 
differ between these facilities, even in a minor manner. In 
addition to the lower minimum user intensity at Jøa, the 
beforementioned difference in the ventilation concept 
may be the main cause influences for this difference. 

 
Figure 5  Box plots presenting the number of swimmers 

present in each session for Dalgård (left) and 
Jøa (right). 

While it was observed that the number of bathers had a 
large influence on the evaporation rate, it does not explain 
it completely. Figure 6 shows the evaporation rate plotted 
against number of bathers, with Jøa in black circles and 
Dalgård in red circles.  

 
Figure 6  Scatter plot of the evaporation rate plotted 

against number of bathers: Black circles - 
Jøa; Red circles - Dalgård. 

Beside the consistent difference in the evaporation rate for 
all levels of occupancy it was seen a spread in the average 
evaporation rate for the same number of occupants. This 
is obviously due to the user influence and the type of 
swimming/bathing sessions that were carried out. High 
activity level includes heavy waves and splashing which 
result in an increased evaporation rate. For Dalgård this 

variable was observed, quantified, and logged. Figure 7 
shows the spread of the activity level among the same 
sizes of groups. It was seen that the activity level tended 
to increase with the size of the group. The maximum 
calculated activity factor of 1.1 represents the largest 
group of bathers with high activity level, which may be 
considered as the design conditions for this kind of 
swimming facilities. 

 
Figure 7  Dalgård – The observed activity level for each 

of the swimming sessions plotted against the 
number of bathers for the session. 

Conclusion 
When simulating the performance of swimming facilities 
in BPS tools, the calculation of the evaporation rate is 
crucial for the results, both with respect to indoor 
environment and to annual energy consumption. Despite 
several equations available in literature no consensus 
regarding method have been observed. In this study, 
measurements and observations regarding the use of the 
pool were collected to evaluate the evaporation rate. In 
total, data from 75 swimming sessions and 477 hours of 
unoccupied operation in two different school pools in 
Norway was analyzed. By combining the experimental 
results with the well-known and widely used ASHRAE 
equation, the study evaluated the activity factor used in 
this equation. During the design phase of a swimming 
pool, this variable is normally defined by the expected 
operating mode of the swimming facility, i.e. periods 
when the swimming facility is open for the public. 
However, this may give considerable inaccuracy of the 
energy consumption of the HVAC installation. This study 
has evaluated the activity factor as a function of the real 
operating conditions. The ASHRAE handbooks 
recommends an activity factor of 1.0 when the pool is 
occupied and 0.5 when unoccupied.  
• Regarding the latter, our study is in good agreement 

with this recommended level. The average activity 
levels were found to be 0.5 and 0.57 for the two 
swimming facilities. Based on this it is recommended 
to use 0.5 for unoccupied pools. 

• Regarding the activity factor for occupied pools, it 
was found that using the ASHRAE recommendation 
of 1.0 will probably overpredict the average 
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evaporation rate for most swimming facilities. The 
average activity factor when the pools were occupied 
were 0.7 and 0.8 in this study. When predicting 
annual energy consumption in BPS tools the activity 
factor should be carefully evaluated and the average 
level should be reduced from the recommended level 
in ASHRAE, but not below 0.7, which represents a 
swimming facility with diffuse ventilation system 
and reduced circulated air flow when the pool is not 
occupied.  

• In design, rating condition is defined when the pools 
are considered fully occupied and with high activity 
level. Rating conditions represent extreme condition 
typically when sizing equipment or evaluating indoor 
environment. For this purpose, it was found that the 
ASHRAE’s recommended activity factor is too low. 
Based on the findings in this study it is recommended 
to increase the recommended activity factor in 
ASHARE by 10 %, to 1.1, for rating condition.   
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