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Abstract: An aquatic centre is defined as a community or public venue that provides at least an indoor pool and three 
different types of amenities such as gymnasium, sauna/spa, café, crèche and stadium. There have been insufficient studies 
that examine the energy performance of aquatic centres worldwide. Building energy simulations provide opportunities for 
economic and time-efficient analysis of the energy performance of buildings in order to identify the benefits of different 
control strategies, design or occupancy variables. This paper describes the simulation and calibration process for analysing 
the energy performance of an aquatic centre using a selected building as case study. Simulating the energy performance 
of an aquatic centre is a complex exercise due to the interaction between water and air (evaporation) occurring within the 
swimming pool hall. EnergyPlus and DesignBuilder were used to perform the building energy simulations. Manual calibration 
method based on an iterative approach was adopted and statistical indices (Mean Biased Error (MBE) and Coefficient of 
Variation of the Root Mean Square Error (CV(RMSE))) were used to verify if the model was calibrated accurately against the 
measured energy data (utility bill data).
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1. INTRODUCTION

Aquatic centres are complex buildings that require a large amount of energy to operate. Aquatic centres are unlike any other 
type of building in terms of energy consumption. They have specific ventilation requirements, high levels of evaporation, 
extreme humidity-control issues and high temperatures (pool hall air temperature (28-30oC) and pool water maintained at 
1-2oC below pool air temperature) (Carbon Trust, 2006). Also, there are requirements for heating large amounts of water 
and continual pumping of pool water through filters that have made it difficult to understand the energy performance of 
this type of building. Additionally, there has been insufficient research that examined the energy performance of aquatic 
centres worldwide. Building energy simulation has been widely used in new and existing buildings for design optimisation or 
retrofitting (Pan et al, 2007) and has been identified as a suitable method to investigate the energy performance of aquatic 
centres. However, several studies have highlighted that building energy simulations can provide misleading results if input 
variables and boundary conditions are not accurately set. In addition, large discrepancies between the simulated energy 
performance and the actual energy performance can occur (Claridge, 2011; Dall et al, 2012). Significant discrepancies 
between simulation results and measured data from the buildings should be eliminated to make the building energy simulation 
models reliable and this can be achieved by calibrating the simulation models. Calibration is a process of modifying and 
adapting the simulation model, based on measured data, to generate an updated building energy simulation model that 
accurately reflects the actual building operational performance (Lam et al, 2014). This paper describes the process of 
calibrating an aquatic centre using EnergyPlus Version 8.7 and DesignBuilder.

2. CALIBRATION OF SIMULATION MODEL

Several studies have discussed that computer simulation can provide misleading results if input variables are not set 
accurately. Therefore, calibration of building simulation models is of growing interest. Claridge (2011) and Dall et al. (2012) 
have highlighted great discrepancies between the simulated building energy performance and the measured performance. 
Bannister (2005) cautioned that computer simulation results can provide unreliable results and can differ significantly from 
actual building data. The need to calibrate simulation results in order to achieve a reasonable and reliable baseline close 
to the actual performance of the real buildings is of utmost importance. Lam et al. (2014) define building energy model 
calibration as an approach to modify and adapt the design case model, based on measured data, to generate an updated 
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building energy model that accurately reflects the actual building operational performance. Fabrizio and Monetti (2015) 
have presented several methodologies for calibrating building energy models such as manual calibration, graphical-based 
calibration methods, calibration based on special tests and analysis procedures and automated techniques for calibration 
based on analytical and mathematical approaches. 

A common method that has been used in several studies is to calibrate the building simulation model by comparing the 
simulated energy data against the measured energy data (utility bills). Pan et al. (2007) collected the necessary building data 
(e.g., drawings, systems components, operational schedules and 12 months utility bills and weather data) to develop an 
energy model of a high-rise commercial building in Shanghai. They calibrated their model against actual building data and 
concluded that simulation models could be functional in identifying interactions between conservation measures with other 
building systems. Statistical indices are generally used to evaluate whether or not the simulation model can be considered 
to be calibrated. There are several statistical indices which have become the international reference criteria for the validation 
of calibrated models and are recommended by three main international bodies namely:

• American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) Guidelines 14 (ASHRAE 2002);

• International Performance Measurements and Verification protocol (IPMVP 2002); 

• M&V guidelines for Federal Energy Management Program (FEMP 2008).

The two most common statistical indices to evaluate the accuracy of calibration are the Mean Bias Error (MBE) and 
the Coefficient of variation of the Root Mean Square Error (CV(RMSE)). MBE measures how closely the simulated data is 
to the monitored data. MBE is the percentage of the total sum of the difference between simulated and measured energy 
consumption for a specific time interval (hourly or monthly) divided by the sum of the measured energy consumption and is 
obtained by using the equation (1) below:

           MBE (%) =  (1)   

 Where:

 M = the measured energy date during the time interval and S is the simulation energy data point during the same time 
interval.  

The Root Mean Squared Error (RMSE) is a measure of the sample deviation of the differences between the measured 
values and the values predicted by the model. The Cv(RMSE) is the Coefficient of Variation of RMSE and is calculated as 
the RMSE normalised to the mean of the observed values. CV(RMSE) is a normalised measure of the variability between the 
measured and simulated data and a measure of the goodness-of-fit of the model. It specifies the overall uncertainty in the 
prediction of the building energy consumption reflecting the errors’ size and the amount of scatter. Lower C(RMSE) values 
bring to better calibration. The equations to calculate Cv(RMSE) are displayed below:                                                           

Where:

N interval is the number of time intervals considered for the monitored period.

Table 1 displays the threshold limit of the MBE and the Cv(RMSE) that must be respected in order to consider the 
simulation model to be calibrated.

Table 1. Threshold limits of statistical criteria for calibration.

Statistical 
Indices

Monthly Calibration

ASHRAE Guideline 14 IPMVP FEMP

MBE +-5% +-20% +-5% 

CV(RMSE) 15%   15%

                                                                   A period = ∑ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 M interval
N interval

                                                             (2) 

                                                                RMSE period = √∑(𝑆𝑆−𝑀𝑀) 2interval
 N interval

                                                       (3) 

                                                     CV(RMSE period) = = 𝐑𝐑𝐑𝐑𝐑𝐑𝐑𝐑 𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩 
𝐀𝐀 𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩

 𝑥𝑥 100%                                            (4) 
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3. SIMULATION OF AQUATIC CENTRES

Building energy simulation programs can be used to simulate aquatic centres but there are limited softwares that can 
model a swimming pool taking the interaction of water evaporation with mechanical equipment into account. Most energy 
modelling softwares have limited provisions to emulate some of the specialized pool mechanical systems. There are two 
known energy simulation programs: TRNSYS and EnergyPlus Version 8.3 that have an indoor swimming pool simulation 
module. TRNSYS Type 344 module can perform calculation of heat flow rate by evaporation, convection, long-wave 
radiation and also calculate the heat loss of a covered pool. Ruiz et al. (2010) used TRNSYS to model the use of solar-
heating system for an open-air swimming pool. Trianti-Stourna et al. (1998) used DOE-2 to simulate and analyse the energy 
consumption of indoor swimming pool while Costa et al. (2011) utilised EnergyPlus to simulate a sport facility which included 
several functional areas such as a swimming pool, sport halls, gym, studios and indoor courts. However, the version of 
EnergyPlus they have used did not have the indoor swimming pool module. Therefore, latent loads which were manually 
calculated using the evaporation analytical formulas published by Shah (2008) were used as input values in EnergyPlus`. 
From EnergyPlus Version 8.3 onwards, the modelling of the indoor swimming pool has been integrated into the surface 
heat balance procedures with special modifications to radiation between the pool water surface and the surrounding of the 
space, convection to the surrounding air, evaporation of water, conduction to the pool bottom as well as solar radiation 
absorbed in the pool water. In addition, pool heating systems and pool covers are incorporated in the model.

4. METHODOLOGY

Design Builder was used to construct the 3-D model of the aquatic centre and EnergyPlus Version 8.7 was used to include 
the indoor swimming pools within the pool hall and to perform the simulations. An existing aquatic centre was used as a 
case study building to demonstrate how EnergyPlus can be used to simulate the energy performance of an entire aquatic 
centre. Once the simulation model had been built, a few simulation runs were performed to identify any major errors before 
carrying out the calibration process. Manual calibration method based on an iterative approach was adopted. An iterative 
approach is required to alter the selected parameters until acceptable accuracy levels were reached.

4.1 Case Study

The aquatic centre selected is located within the inner suburb of Melbourne. The gross floor area of the building is 10,839 
m2 consisting of the following functional areas: Main pool hall (1607 m2) , stadium (6930 m2), gymnasium (301 m2), program 
rooms (175 m2), entrance foyer (120 m2), café, kitchen and cool room (108 m2), offices and staff meeting rooms (160 m2), 
external mechanical plantroom and pool plantroom (280 m2), pool change rooms, toilets and showers (251 m2), circulation 
and corridors (342 m2), stadium toilets and change rooms (180 m2) and creche (135 m2).The aquatic centre has three 
swimming pools, a 25m lap pool consisting of eight lanes, a warm water pool and a children’s pool. All the architectural 
and electro- mechanical information were obtained from the aquatic centre’s manager. Figure 1 shows the photo image of 
the indoor swimming pool hall of the aquatic centre and Figure 2 is the 3-D model built in DesignBuilder and transferred to 
EnergyPlus for simulation.

      

             Figure 1: Internal photo of the swimming pool hall.                             Figure 2: 3-D Model of the aquatic centre.   

 

The envelope of the aquatic centre is made up of a concrete slab floor, blockwork and lightweight walls, metal roof and 
aluminium framed single glazing for the windows. It has a large skylight in the middle of the swimming pool hall that extends 
to the entry lobby. The aquatic centre is opened for 16 hours per day to the public. The air temperature within the pool hall is 
set at 31oC and the remaining areas are set between 21-23oC. The water temperatures of the swimming pools are between 
29oC- 31oC. The ventilation rate for the pool hall is 6 air changes per hour and the infiltration rate in the other areas is 0.5 
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air change per hour. The HVAC system for the swimming pool hall is a package air handling unit connected to a gas boiler 
with 80% efficiency and the HVAC systems in other areas are split systems with COP of 3.0. The operating time for pool 
hall HVAC system is 24 hours while the other areas are between 12-16 hours. For the pool water heating system, there are 
three gas boilers with 80% efficiency and there are five variable speed pumps to circulate the pool water. Gas instantaneous 
systems (80% efficiency) are used for domestic hot water with usage assumptions of 50 L/person for the swimming pools 
occupants and 5 L/person to remaining occupants. The lighting power density is calculated as an average of 10 W/m2 for 
most of the areas and the operating lighting schedule is between 8-10 hours per day. The occupancy density is based on 
the occupancy data obtained from the aquatic centre. 

5. SIMULATION RESULTS

Once the 3-D model constructed in DesignBuilder had been transferred to EnergyPlus, where the swimming pools and the 
pool heating system were also added, several simulation runs were performed to obtain the initial results. Table 2 shows 
the simulated end use energy consumption. The simulated total energy consumption is sub-divided into six categories (air 
heating, air cooling, pool water heating, lighting, DHW and equipment & pump). As expected, the combined simulated 
heating load for air and pool water is much higher than the other end uses. The first simulation runs showed some reasonable 
results and there were no noticeable abnormalities such as excessive energy use by any individual end user. However, in 
order for the simulation results to be validated, the model has to be calibrated. As suggested in the methodology, manual 
calibration method based on an iterative approach was used and the results were compared with monthly utility data.  The 
calibrated simulation results were then analysed using statistical indices.

Table 2: Initial end use energy use simulation result.

Air Heating
 (MWh)

Air Cooling 
(MWh)

Pool Water 
Heating (MWh)

Lighting (MWh) DHW
(MWh)

Equipment & 
Pump (MWh)

Jan-Dec 924.2 346.4 939.5 1198.9 354.9 419.2

Percentage 22% 8% 23% 27% 8% 10%

6. CALIBRATION

Calibration process alters the simulation inputs so that the simulated energy consumption closely matches the measured 
energy consumption.  Table 3 displays the comparison between the measured energy use obtained from the utility bills 
and the energy use from the original simulation. The monthly energy use is split into two categories (electricity and gas). 
Electricity and gas are the main two energy sources used in aquatic centres. Figure 3 shows the comparison charts sourced 
from Table 3.

Table 3: Comparison between the measured data (utility bills) and the simulation results.

Electricity (MWh) Gas (MWh)

Measured Simulated Measured Simulated

January 116.7 174.4 162.5 142.7

February 118.8 157.2 165.3 138.2

March 118.8 171.6 201.9 169.1

April 113.6 158.8 202.8 183.0

May 118.8 165.4 233.9 200.9

June 113.9 158.7 250.6 212.6

July 122.3 161.8 281.9 224.4

August 126.1 164.7 278.1 213.0

September 109.9 158.1 234.4 199.5

October 126.4 165.2 241.7 190.3

November 113.1 161.6 216.1 173.7

December 110.5 167.2 196.9 171.3

Total 1408.8 1964.5 2666.1 2219
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Figure 3: Comparison between the measured and original simulated electricity and gas use.

MBE and CV(RMSE) for the original simulation results have been calculated and are shown in Table 4. As expected, the 
two statistical indices indicate that the simulated electricity use and the gas use are not within the acceptable range to be 
considered calibrated.

Table 4: Statistical indices for original simulation results.

Statistical Indices
Monthly Calibration

Electricity Gas
MBE 39.4% 16.8%

CV(RMSE) 39.8% 17.8%

6.1 First round of calibration

The first round of calibration was based on the findings from previous literature and the energy use breakdown provided by 
Sydney Water Corporation (2011) where end uses’ energy was compared. A few variables such as lighting energy use and 
pool air and water heating energy use were identified as variables to be adjusted.

• lighting levels within the pool hall and stadium area were adjusted- 10W per m2 for stadium was in reality excessive 
when the overall figures were examined. The swimming pool hall has access to natural daylight through a large 
skylight in the middle of the pool hall which was observed during site visit. During the site visit, it was noted that not 
all the lights inside the swimming pool hall were turned on. The stadium also has skylights which provide adequate 
daylight penetration. Therefore, lighting levels in those areas were reduced by 10%.

• lighting occupancy schedule. The lighting schedule entered in DesignBuilder was based on an on-off schedule 
(night and day) and assume to be the same all year round. In reality, lighting schedule vary constantly especially if 
sufficient daylight was available. It is also expected that the winter months and daylight saving can cause variations 
to the lighting energy use. Therefore, lighting schedule was adjusted by reducing the number of hours of artificial 
lighting required during the day. For example, in summer in Victoria, daylight is still available around seven o’clock 
in the evening. Daylight sensors are also installed throughout the centre.

• boiler efficiency and pool package air-conditioning were adjusted and reduced by 5%. Raypack boilers in general, 
have nominal efficiencies of above 80% as per information in their website. Using nominal values stated by the 
supplier as boiler’s efficiency in simulations might not represent the actual performance of the boiler. In reality, the 
system runs less efficiently in comparison to the nominal values stated in the technical manuals and especially at 
part load and this can be caused by several factors (aged boiler, ambient temperature of areas surrounding the 
distribution system, excessive losses through old pipes and ducts). Kenna and Bannister (2009) demonstrated a 
reduction of at least 15% in boiler efficiency using simulations and manual calculations compared to the nominal 
efficiency values from the supplier.

From the first round of calibration, the improvement between the simulated and measured data can be observed. Figure 
4 shows the comparison of electricity and gas energy use and the gap between the measured and simulated electricity and 
gas use have been reduced considerably.

Calibrating the energy simulation model of an aquatic centre



688

  

Figure 4: Comparison between the measured and simulated electricity and gas use (first round calibration).

Table 5 shows the two statistical indices after the first round of calibration and it is apparent that there is also a significant 
improvement with both MBE and CV(RMSE). While CV(RMSE) is below the acceptable limit (<15%) MBE is very close but 
above the required limits (+-5). However, in order for the simulation to be considered accurately calibrated both MBE and 
CV(RMSE) need to be between the threshold limits. Therefore, a second round of calibration was required.

Table 5: Statistical indices for simulation results for the first-round calibration.

Statistical Indices
Monthly Calibration

Electricity Gas
MBE 7.3% 5.4%

CV(RMSE) 9.2% 7.0%

6.2 Second round of calibration

The first round of calibration addressed several issues and resulted in significant improvement but the simulation results still 
did not match the measured consumption as required by the guidelines. Further adjustments are required for the model to 
be considered calibrated and are located below.

• the entry foyer and café area also have access to natural daylight through a large skylight in the middle of the roof 
and daylight sensors. Therefore, lighting levels in this area was adjusted by reducing the number of hours that 
artificial lighting is required during the day.

• equipment energy use was an estimate based on the number of electrical equipment from computers, fridges, 
printers and also gymnasium equipment such treadmills and electric bikes. As it is very difficult to monitor the 
measured energy use (electricity) of the equipment, the electrical power load of those equipment was adjusted by 
reducing the overall wattage by 10%.

• occupancies within the swimming pool hall and swimming pools were adjusted as it was affecting heat gain and 
loss. For example, when analysing the simulated results of the swimming pool, it was noted that for the majority of 
the time there would constantly be 300 people in the lap pool which EnergyPlus calculated even though a lower 
number was entered in the indoor swimming pool module and this was changed to a reasonable number of 25 
people at one time.

• insulation of R 3.5 in the roof was used in the simulation but after reviewing the data collected from the site visit, 
it was noticed the flat metal roof and the dome shape roof would probably only fit roof blankets insulation which 
usually have R value of around 1.8. Therefore, the insulation R value within the simulation was reduced.

• the boiler efficiency for pool water heating was adjusted further by reducing its efficiency by 5%.

Note that fans and pumps efficiencies for the HVAC system were not adjusted as there was insufficient information about 
them and boiler pumps energy use was not as significant as other energy end user). Figure 5 shows the comparison of the 
measured and simulated electricity and gas energy use after the second-round calibration.
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Figure 5: Comparison between the measured simulated electricity and gas use (second round calibration).

Table 6 shows the MBE and CV(RMSE) of the second round calibrated simulation results and the indices are within the 
range required by ASHRAE, IPMVP and FEMP. This confirms that the simulation model has been successfully calibrated.

Table 6: Statistical indices for simulation results for the first-round calibration.

Statistical Indices
Monthly Calibration

Electricity Gas
MBE 4.8% 4.0%

CV(RMSE) 5.9% 5.0%

6.3 Validating evaporation

Evaporation is a complex phenomenon arising within the swimming pool hall of an aquatic centre and can have a 
considerable impact on their energy performance. Validating evaporation for the simulation model is also an important part 
of the calibration process. The main purpose of this process is to verify the evaporation level of the model. An in-depth 
investigation of the new indoor swimming pool module of EnergyPlus Version 8.3 was performed before this study to verify 
the capability of new module to accurately model the energy use of an indoor swimming pool. Coding errors were identified 
and communicated to the EnergyPlus Technical team and these errors were fixed in later version (version 8.5) of EnergyPlus. 
The validation process was performed as follows:

• evaporation heat loss and make-up water data were obtained from EnergyPlus simulation model.

• manual calculation of evaporation was done using ASHRAE formula shown below:

                               wp= A/y (Pw-Pa) (0.089+0.0785V) x AF                                                                      (5)

Where:      

wp= evaporation of water (kg/s); A = area of pool surface (m2); V = the air velocity at water surface (m/s); y = latent heat 
required to change water to vapour; Pw = saturation vapour pressure (kPa); Pa = saturation pressure at room air dew point 
(kPa); AF = activity factor.

• comparison of monthly average evaporation heat loss and make-up water shown in Table 8 below.

The evaporation heat loss and make-up water volume obtained by EnergyPlus was verified by comparing them to 
the results obtained from the ASHRAE manual calculation method using uniform activity level throughout the whole day 
(night and day). Both the EnergyPlus evaporation and ASHRAE guidelines suggest an activity factor of 1 for a public pool. 
EnergyPlus provided the evaporation heat loss and make-up water volume for a 12-month period. Monthly average for each 
category was compared against the results obtained from manual calculation. Table 7 shows the comparison of evaporation 
heat loss and amount of make-up water between the simulated result and the manual calculation. Based on this validation 
process, it is apparent that the simulation model provides reasonable results in terms of evaporation when compared to 
manual calculation.
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Table 7: Evaporation heat loss comparison (lap pool).

Lap Pool Simulated Result Manual Calculation
Make-up water (kL) Monthly 43.4 kL (Average) 45.9 kL

Evaporation heat loss (MWh) Monthly 28.2 MWh (Average) 28.8 MWh

Both the calibration and validation processes have verified and improved the accuracy of the simulation model in regards 
to the actual aquatic centre energy performance.

7. CONCLUSION

An aquatic centre is a complex building; Simulating this type of building was possible by using EnergyPlus Version 8.7 
which has the capability of modelling multiple indoor swimming pools within a pool hall. The proposed procedures and 
processes for building an aquatic centre simulation model prove to be effective as a working simulation model was created 
and the required conditions (temperature, humidity and evaporation levels) within the swimming pool hall was achieved. This 
paper has demonstrated how to successfully calibrate the simulation model of an aquatic centre using manual calibration 
method based on an iterative approach. The calibration processes have created a high level of certainty in the simulation 
model of the aquatic centre, enabling future parametric studies to investigate how different features can affect the energy 
performance of aquatic centres.
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