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OPTIMAL CONFIGURATION OF A POLYGENERATION SYSTEM FOR THE ENERGY DEMANDS OF A PUBLIC SWIMMING POOL BUILDING
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Summary: A polygeneration system is an energy system capable of providing multiple energy outputs for the local demands, by application of high process integration. In this paper, optimal configuration and capacity of a polygeneration system for an indoor swimming pool building is determined using TRNSYS and GenOpt software. Based on the locally available resources, the following polygeneration modules were chosen for the case study analysis: an internal combustion engine cogeneration module, a vapour compression chiller, and adsorption chiller, a ground source heat pump, flat plate solar thermal collectors , photovoltaic collectors and heat storage. The modules are integrated to form a superstructure of the analyzed polygeneration system in TRNSYS modeling environment.The net present value of the polygeneration system construction project is used as goal function of the optimization problem..
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1. INTRODUCTION 

Polygeneration can be defined as combined production of two or more energy utilities by using a single integrated process [1]. The utility outputs of the polygeneration system are typically energy outputs such as heating, cooling and electricity (i.e. trigeneration), but also material products such as biofuels, water, methanol or other compounds. The high level of integration of a polygeneration system affects the complexity of the system itself, but it also improves overall system efficiency – thermodynamic, environmental and economic [2]. In order to meet the local final energy demands, polygeneration systems can transform available energy of one or more primary energy sources [3]. The term “polygeneration” in the context of a system for providing multiple utilities, developed over time from the initially adopted term “cogeneration” (combined heat and power), and trigeneration (combined heating, power and cooling) proposed initially by the General Electric company [4]. Combined production of heat and electricity was the first integrated process approach, for utilization of heat available in the process of production of electricity, which would otherwise be rejected to the environment. With further process integration, additional local utility demands could be met by application of a single integrated polygeneration system.

Optimisation methods typically do not account for potential for application of an integrated energy system approach, neglecting heating and cooling demands and focusing on electricity production. The integrated process approach of polygeneration, combines all of the local utility demands (heating, cooling, electricity, mataherial and other) with utilization of local resources and efficient utilization of renewable energy sources. As a consequence, polygeneration systems are typically considered more complex compared to conventional systems, with high dependency between locally produced utilities. A polygeneration system consists of two or more polygeneration modules: (1)
A gas turbine or an internal combustion generator set typically used for electricity and heat production, (2) Sorption cooling modules (adsorption or absorption) applied to utilize heat to meet the cooling demands, (3) Bio-refineries applied to combine processes of biomass or waste conversion to fuels, electricity and/or other chemical compounds, (4) Vapor compression chillers applied to meet the cooling demands taking advantage of locally produced electricity,(5) RES utilization technologies which can be integrated with the rest of the system, and (6) Heat storages.

This paper addresses the problem of pinpointing optimal configuration and production capacity of a polygeneration system, by application of software annual performance modeling approach embedded in TRNSYS software and Genopt optimization. Different layouts of polygeneration systems are analyzed, by creating a polygeneration system superstructure model. Solar energy, low temperature geothermal energy and natural gas applications are considered in the system design phase..
2. INDOR SWIMMING POOL MODEL
Indoor swimming pool buildings have large energy consumption. Here, the greatest energy consumer is the Swimming Pool Hall  [5], where energy is used for maintaining thermal comfort conditions in the hall and pool water (PW). The breakdown of energy consumption in indoor swimming pool buildings shows that: 45% of energy is used for swimming pool hall ventilation, 33% for heating PW, 10% for heating and ventilation of the rest of the building, 9% for lighting and equipment and 3% for sanitary hot water (SHW) [5], but a detailed insight into the pool water and pool hall loss has not been reported. The swimming pool hall together with the swimming pools is the greatest energy consumer, and may account for up to 60% of the total energy use of the pool building [5,6,7], therefore energy balance of the pool and pool hall is modelled with more detail in this paper. In indoor swimming swimming pool hall, air temperature and humidity are maintained at a predetermined level, as analyzed in the paper. Pool water heating and air pool hall air heating using Heating, Ventilation and Air Conditioning (HVAC) equipment increases water evaporation and relative air humidity, which raises energy demands of the building.

Main contributors to the energy losses of an indoor SPH are : Conduction through the pool walls
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  for water loss compensation;  Heat flow rate from heating 
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 ;  Heat loss due to fresh water flow 
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 ; (4) Evaporation from the pool surface 
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 ,  Radiation from the pool surface [image: image2.wmf]cond
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 ;  Convection from the pool surface 
The temperature change of swimming pool water over time 
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 can be calculated as [8]: 
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(1)
Correlations for predicting water evaporation rate from a free water surface to both still and moving air can be found in literature [9-19]. Bowen (1926) provided a general solution for determination of  heat transfer by convection and evaporation from a water surface of an element of volume for three different conditions [16]. In order to do this, he first determined a model of vapour diffusion from a unit area. Most of the correlations are based on the Dalton's theory, but there are also attempts of creating correlations based on analogy between heat and mass transfer [12,16], where a ratio between heat loss by conduction to heat loss by evaporation is determined. Many evaporation models are analyzed or reviewed in literature [12-19], but even for detailed numerical simulations [17,20] it is necessary to first determine the evaporation rate from the water surface and the evaporation rate coefficient.

Since the air velocity in indoor swimming pools originates from heating and ventilation equipment operation, it is usually kept at low levels. Heating and ventilation equipment of swimming pool halls usually consists of supply and return ducts spread on several locations throughout the hall, which cause complex air movement in the hall and contributes to forced evaporation. Experimentally obtained correlations for predicting evaporation rates from a water surface of indoor and outdoor swimming pools, as well as ponds, lakes etc. are a function of air velocity above the water surface [12]. Air velocity over the indoor swimming pool water surface is not uniform, but extremely complex. The intensity and direction of the air velocity vector show large variations over time. This can be seen in results of a CFD simulation of a public swimming pool [17], where air temperature and humidity at the air return intake was measured and compared to the simulation results with acceptable agreement between the two. In addition, apart from air velocity, the nature of air flow over the water surface in indoor swimming pools has a strong influence on evaporation, which is determined by the value of Reynolds number and Sherwood numbers [20]. 

The first equation of evaporation from free water surface was given by Dalton (1802) [11], when it was found to be proportional to the partial pressure difference of water vapor near the boundary surface 
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Where  
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 is an element of evaporation surface, 
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 is evaporation rate per unit time, and K is a coefficient affected by properties of air flow over the boundary water surface. Evaporation rate can also be determined according to Lewis as:
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Here, 
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  is the evaporation rate coefficient given in (kg/s m2), which is again affected by the properties of air flow over the boundary water surface. It is usually given as a linear function of air velocity in a general form: 
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Where, 
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V

  is the velocity of air above the free water surface, A and B are correlation constants. 

A review and comparison of mathematical models for predicting evaporation rates by Sartori [12], indicated a large scattering of results obtained using investigated literature correlation models. Here, it is also indicated that some of the models neglect the impact of relative humidity of the air, and might be discarded as such. Sartori provided a correlation model, where evaporation is a coefficient of air velocity to the power of 0.8, and length of the water surface, instead of actual water surface. Shah proposed a model where evaporation rate coefficient equals to 0.00005 [18,19]. Asdrubali at al, determined values of the correlation coefficients for air velocity values of 0.05 m/s, 0.08m/s and 0.17 m/s, based on results from a laboratory indoor swimming pool scale model [5].

Hence, the approach undertaken in this paper involved measurements in the real building of SRC dubocica public swimming pool in Leskovacm Serbia. Measured results presented in this paper were acquired by measuring air flow velocities at 5 points along the pool border, at 0.65m above water level in the direction of the air flow coming from the ventilation ducts. Average air velocities ranged from 0.01m/s to 0.07 m/s at the opposite ends of the pool border, and from 0.15m/s  to 0.34 m/s at the middle of the pool border. Water temperature was measured 1cm below water level using a thermo K type couple probe probe. Relative humidity and temperatures were measured 1cm above the water level and 90cm above water level. Evaporation rate was measured hourly using an evaporation pan with a needle, with a diameter of 0.8m immersed in the pool water 1.3 meters from the pool border. The diameter of the evaporation pan was chosen so it would be big enough to account for the affect of the complex air flow above the water surface in the pool hall. Evaporated water is measured with precision of 1g, hourly. 

Results are measured and collected in a the hall of active indoor swimming pools, in the Sport and Recreation Center Dubočica, Leskovac, in the period from May to August. The following apparatuses were used:

1.
TESTO 454 with  0420 relative humidity and air temperature probe,

2.
Cole Palmer 37950-12  relative humidity sensor with air temperature probe,

3.
AIRFLOW TA5 anemometer with thermometer,

4.
K type thermocouple ptobe,

5.
Evaporation pan with a needle.

Some of the evaporation rate results are discarded, since they were affected by activity of the swimmers causing water penetration into the evaporation pan. Evaporation rate E as function of air velocity Va is given in Fig. 2.
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Fig. 1. Measurement apparatus

In Fig 3, measured evaporation rates are presented as a function of the difference of partial pressures of saturated water vapour at water surface temperature and partial pressure of water vapour of air above water level (eq. 4), calculated in Pa according to IAPWS Industrial Formulation for the Thermodynamic Properties of Water and Steam.

It can be observed from Fig 2. and Fig. 3. that the evaporation rates mostly rise with the increase of air flow velocity above the water surface, and generally rise with the increase of difference of water pressures of water saturated water vapour at water surface and water vapour in the air above the water surface.
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Fig. 2. Measured evaporation rates as  a function of measured air velocity.

This is kind of relationship is in accordance with the majority of correlations found in literature. The measured results also showed a strong dependence on the air flow velocity. A significant drop of air velocity caused by the swathed off ventilation system, caused a drop of air velocity to near zero values (Fig. 2), which led to low values of evaporation rates despite relatively high partial pressure difference gradient. This can be observed in Fig. 3.
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Fig. 3. Measured evaporation rates as  a function of difference of partial pressures of water vapour  ( )

Based on the measured results, the correlation for predicting evaporation rate coefficient from the indoor swimming pool surfaces is apriximated according to the measured results according to the corelation equation: 
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Obtained results are compared to the values from literature. Most of the authors provided correlations for predicting evaporation rates based on known relevant air and water parameters. Most of the evaluated results from literature correspond to outdoor swimming pools [3, 5, 8, 10] representing usually higher air flow velocities which originate from wind, and are affected by direct solar radiation. Asdrubali [5] measured evaporation for air velocities of 0.05m/s, 0.08 m/s and 0.17m/s, which is a good mach to air velocities found in a real indoor swimming pool hall, and reported evaporation rates in the range from 0.07-0.15 kg/h for relative humidifies between 50% and 70%. His results show a decrease of evaporation rates with increase of relative humidity of ambient air, which is related to the trend of change of the difference of partial pressures of water vapour at water temperature and air above the water level. One evaporation coefficient was determined for each of the tested cases, however a correlation as a general solution of the problem in the tested domain was not reported.

The mathematical model of the swimming pool presented in [8], where Type 56 model of the building and air distribution HVAC system was modelled to simulate the behaviour of the swimming pool hall, is used to determine the energy demands of the swimming pool building. Partial pressure of saturated vapor is calculated as a function of temperature in the simulation [23]. The simulation was done with Meteonorm hourly weather data, which included mains water temperature used for fresh water supply. Occupancy factor of the swimming pool is calculated as [18]:
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Where  N is the number of occupants, and 
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 is the pool area per person at maximum pool occupancy. daily and monthly changes of the occupancy factor F,  are modelled using  TRNSYS Type 14. Evaporation rate of unoccupied swimming 
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 pool is multiplied by a linear function of the occupancy factor , to obtain the evaporation rate of the occupied swimming pool 
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(7)

3. MODELING AND SIMULATION OF THE POLYGENERATION SYSTEM
The polygeneration system superstructure is coupled to the energy demand model of the swimming pool, so that it is capable of providing heating, cooling demands and SWH heating demands. The modelled polygeneration system superstructure has a modular structure, where each of the modules based on polygeneration technologies can contribute to one or more polygeneration energy outputs. Total nominal polygeneration system capacity for heating Ph, poly, cooling  Pc,poly and electricity production Pe,poly is equal to the sum of the nominal capacities for heating, cooling and electricity production of its constituting modules, respectfully. The total estimated available area of 3000 m2 available for installation of solar collectors is set as total maximum area for both solar thermal collectors (STC) and photovoltaics (PV).


[image: image38.wmf],,,B,,,

hPOLYhBhCHPhGSHPhSTChAUX

PPPPPP

=++++

.

(8)


[image: image39.wmf],,GS,,

cPOLYcHPcVCCcADS

PPPP

=++

. 



(9)


[image: image40.wmf],,,

ePOLYeCHPePV

PPP

=+





(10)

i.Behaviour of the polygeneration part of modules was modelled using equipment normalized performance data which can be found in literature for the cogeneration based on internal combustion engines [24,27,28], solar sorption integration [29,30,31],vapour compression heat pump [32,33], photovoltaics [34,35,36]. The rest of the polygeneration modules are based on the manufacturer performance data: solar thermal collectors [36], vapor compression chillers [37]. Annual energetic performance of the of each of the modules constituting the polygeneration system takes into account part load performance, module efficiency or coefficient performance which also correspond to the inlet and outlet temperature of each of the modules at simulation time step 
Reduction of consumed energy for heating 
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 achievable by application of the polygeneration system, compared to the conventional, installed system, can be calculated according to eq. 10:
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It is assumed that the complete local production of electricity by the poligeneration system is transferred to the national power supply grid, when the profit of sales of electricity is achieved with respect to the current feed-in tariff system for Serbia [26,27].

4. OPTIMIZATION  RESLTS AND DISCUSSION

In this paper, optimization of the configuration and nominal capacity of the polygeneration system for the demands of the public indoor swimming pool building is performed based on economic, energetic and environmental criteria. Configuration is defined by the modules constituting the polygeneration system, whereas the nominal capacity is defined by the sum of the nominal heating, cooling and electricity production capacities of the modules constituting the polygeneration system. The optimal polygeneration system configuration is defined by the constituting components whose nominal power is greater than zero, whereas the production capacity is defined by the sum of its constituting components. The capacities of the solar thermal and photovoltaic systems are limited by the actual available rooftop space for mounting such systems. Application of a highly integrated polygeneration system can require high initial capital investement. As such, decision makers are likely to be most interested in the economic performance of such an investment. NPV value of the polygeneration project was used as criteria of economic optimization. Project economic lifetime of 12 years which corresponds to the duration of the period of exploitation of the contract for subsidy electricity export [26,27], was adopted in the analysis. The maximum vaef  NPV is used as goal function for optimization, calculated as function of the initial capital investment 
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 of the polygeneration configuration in the given optimization step n, in the year 
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(13)A general representation of the initial capital investment [image: image54.png]


 for the polygeneration module [image: image56.png]


 is presented in eq. 18. 
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Where 
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 [€/kW] is the specific equipment purchase factor, and 
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is the system integration costs given as fraction of the equipment purchase cost. The value 
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 can be found in literature. Specific equipment purchase costs are approximated according to literature data, as presented in table 1. Literature equipment costs are converted to the present values using the equipment cost index factors [38,39].

The results presented in this paper are obtained using Trnsys simulation coupled to Genopt Hybrid General Pattern Search with Particle Swarm Optimization method, which proved to provide best results  . The results of optimisation are presented at Fig. 4. The optimisaiton algorytm conferged to the problem solution after 687 optimisation steps. The optimal confituration of the polygeneration system consists of a cogeneration internal combustion engine unit, an adsorption chiller, photovoltaics and appropriate heat storages for both cooling and heating. 
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Fig. 4. Optimisation results

With the significant heating demands of the chosen indoor swimming pool building [8], the cogeneration module supplies heat throughout a year. Heat demand in the analysed scenario is even higher in the summertime with the optimal polygeneration configuration, since adsorption cooling is used to meet cooling loads, fired by the locally provided heat. Due to limited area for solar collectors, where profitability of solar thermal collectors and photovoltaics is confronted, with the NPV as the optimization criteria, the optimization algorytm assigned the complete available area to the photovoltaics, leaving no place for solar thermal applications under the given conditions and criteria. The heating capacity of the cogeneratin module is equal to the design load  of the building heating system, and cooling capacity of the adsorption unit is equal to the design load for cooling of the building cooling system. It is important to note, that the design loads were used to define the optimization variable domains for variables representing heating and cooling capacities. 
5. CONCLUSION

In this paper, optimisation of a pollygeneration system for energy demands of an indoor swimming pool building was performed. The indoor swimming pool model was calibrated using real building measurements. Based on the measured results, evaporation rate correlation equation was developed and used in the model. Modeling and simulation of the performance of the building's energy demands and performance of the polygeneration model superstructure was done using TRNSYS software, whereas GenOpt optimisation is applied to pinpoint the optimal soultion. The optimal configuration of the polygeneration system was found to consists of a cogeneration internal combustion engine based module, adsorption chiller, photovoltaics and accompaning heat and cold storages. The NPV function was used as goal of the optimisation, and the model asumes that the entire local production of electricity is exported to the grid, thus enabling project profit in addition to the potential energy savings. 
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