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CHAPTER 1 

Introduction 

1.1 Background 

The combined use of solar energy for heating and cooling has the potential to 

upgrade solar thermal energy from mainly DHW provider to a major building energy 

supplier. Up to now the hereto necessary Thermally driven chillers were only 

available in higher power range. The new small scale sorption chillers are trying to 

open the market for small applications, which make up for the major part of heating 

and a constantly growing part of cooling demand in Europe. Thus, promoting small 

scale SolarCombi+ systems, the research activities will contribute considerably to 

achieving important energy policy goals of the European Union; in particular relating 

to the share of renewable energies and the security of energy supply in the EU. The 

potential for reduction in fossil fuel consumption associated with a better knowledge 

of renewable energy technologies provides the impetus for this project, [45]. 

 

A SolarCombi+ plant consists of solar collectors, hot water storage buffer, heat 

Thermally driven chiller, cooling tower, pumps, and distribution system so as to 

satisfy the space heating and cooling and, domestic hot water preparation. Figure 1-1 

shows a simplified schematic of a typical system. The solar radiation is captured by 

solar collectors which warm the inner temperature of the water-glycol solution up. 

When the medium temperature has enough potential to heat the storage buffer, a 

variable speed pump is turned on and brings the thermal energy from the collectors 

into the storage. Within the hot water tank different temperature levels are needed 

in relation to the energy loads of the application. In wintertime with space heating 

trough radiant floor and domestic hot water preparation a temperature level less 

than 60 °C is not desirable. In summertime when the chiller has to be driven by heat 

source a temperature level within the tank has to be more than 75 °C. However if 

the solar radiation is not enough to keep these temperature levels an auxiliary boiler 

is activated to satisfy the previous requirements. Cooling tower is typically used to 
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reject heat from the condenser and absorber of a thermally driven chiller to the 

environment. 

 

 
Figure 1-1: Schematic of a SolarCombi+ system. 

 

Design with dynamic simulations of such systems may provide significant savings in 

terms of energy and operating costs. Conventional systems were designed using an 

old approach, with no concern for variability of the energy source. For instance, solar 

radiation has a high unpredictability during a day while fossil fuel is available 

constantly during the whole year. Moreover in the last decades Europe had a fertile 

period without worries on the energy source availability and environmental impact 

due to the human activities. 

In addition to design, energy consumption and plant operating costs can be reduced 

through a better control practices. A SolarCombi+ has many operating variables that 

may be controlled in a manner that minimizes the operational costs. At any given 

time, it is possible to meet the thermal needs with any numbers of different modes 

of operation and set points. Dynamic simulation of the system involves determination 

of the control that minimizes the total operating costs and maximise the solar energy 

source. The optimal control depends upon time, through changing heating, cooling 
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and domestic hot water requirements and ambient conditions. New research has 

been performed in developing control strategies that would be suitable for optimal 

control of SolarCombi+ systems [34]. 

 

Since the Thermally driven chiller works with three different temperature levels and 

is strongly influenced on the weather conditions it is one of the main player in SC+ 

plant [4]. There are different strategies to control this component. The most 

common strategy is to control the hot water inlet temperature using a three-way 

valve to mix the return flow from generator with the supply flow from the hot water 

source. The result is a decrease of the hot water inlet temperature and a decrease in 

cooling capacity. Consequently, the chilled water temperature rises. Nevertheless, 

this widespread control strategy is not the optimal solution, as it can only be used to 

prevent the chilled water temperature from too low values. An increase of the 

cooling capacity at low irradiation is not possible. Another disadvantage is the high 

power and water consumption of the cooling tower as the cooling water temperature 

is kept constantly low. A newly developed control strategy uses the cooling water 

temperature as a control parameter. This strategy shows special advantages for solar 

cooling. If the hot water temperature is not high enough for a given cooling load, the 

cooling water temperature can be lowered in order to reach the desired chilled 

water temperature. On the other hand, if solar radiation is high, cooling water 

temperature can be increased to save power and water consumption of the cooling 

tower, Figure 1-2. 

 

 
Figure 1-2: Temperature levels in a Thermally Driven Chiller [4]. 
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From the previous considerations, the heat rejection component becomes a key 

player in controlling the chiller and achieving energy and water savings. Generally 

different heat sinks are possible to reject the heat, e.g. air, ground or water. While 

the use of ground and water depends strongly on the local conditions, air is available 

for almost all applications. For rejection of heat to the ambient air in principle two 

types of systems are considered, open cooling towers or wet cooling towers and 

closed cooling towers or dry air coolers. As a combination of fogging devices for the 

pre-cooling of the inlet air and dry air cooler, a hybrid solution should be mentioned. 

The main difference between these technologies is that in the dry cooler the cooling 

water rejects the heats to the air via a heat exchanger and in wet cooling towers the 

cooling water is sprayed into the air and a direct heat and mass transfer takes place. 

Thus in dry coolers only sensible heat and in wet cooling towers mainly latent heat is 

exchanged. A further option is to use swimming pool or ground heat exchanger like 

horizontal ground probes. These systems are well known as low temperature heat 

sources for ground coupled heat pumps and as heat sink for non-mechanical cooling 

systems. The performance strongly depends on an accurate dimensioning and ground 

characteristics. In Figure 1-3 the mentioned heat rejection technologies are 

summarized. 

 

 
Figure 1-3: Heat rejection sub-system: open and closed wet and dry cooling towers and 

alternative heat sinks, [2]. 
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In order to proper evaluate the economics associated with design or improved control 

practices, it is necessary to perform annual simulations of the complete system using 

long-term average weather data and load conditions. However with inexpensive 

energy cost, there has been little incentive for the use of detailed simulations in 

defining designs and control strategies that minimize operating costs. More often 

than not, systems have been designed based upon minimizing the first cost, while 

ensuring that the capacity of the system was sufficient to meet the worst possible 

conditions. This has often resulted in system being oversized and operating 

inefficiently, [9]. 

A transient system simulation program [22], TRNSYS was developed over 30 years ago 

by the University of Wisconsin Solar Energy Laboratory for analyzing the performance 

of solar energy systems. TRNSYS is a modular program in which models of system 

components (e.g. pipes, heat exchanger and storage) are written as FORTRAN 

subroutine. The user can formulate or modify existing models and add them to a 

library of components. The models are connected together to form a complex system 

simulation model, analogues to the way pipes and wires connect the physical pieces 

of equipment. The modular approach is advantageous in that it provides a format in 

which a number of individuals can work independently and it minimizes the 

programming required to investigate an alternative components model and plant 

configurations. This feature makes TRNSYS a good choice as a tool for studying the 

design and control characteristics of SolarCombi+ plants. 

 

Simulations involving SolarCombi+ system have primarily been used for equipment 

selection and components design. Most of the system studies which have been 

performed have been concerned with the local-loops control of the TD chiller where 

hydraulic SC+ system has to cover fixed thermal loads, rather than the global 

determination of optimum set points with dynamic simulation of the duo “system – 

application”. 

SolarCombi+ system has been studied within numerous EU projects. Some of them 

are CLIMASOL, ECOHEATCOOL, ROCOCO, SOLAIR, IEA SCH Task 25 and Task 38, 

SOLARCOMBI+ and ALONE. 

 

Within the SolarCombi+ EU project [45], numerous virtual cases have been studied 

where promising system configurations has been defined, based on a thorough 
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analysis of the market, and analysed by yearly simulations. Economical and 

ecological ratings for different typical conditions, i.e. utilization, climate, building 

type, have been investigated too. In Figure 1-4 the virtual case studies simulated for 

different Thermally Driven Chiller are summarized. 

 

 
Figure 1-4: Virtual case studies within SolarCombi+ EU project. 

 

Project partners studied the effect of numerous parameters on the overall system 

efficiency and energy savings of small capacity SolarCombi+ systems located in three 

different weather locations through the use of annual simulations. Three different 

applications, two different distribution systems, two solar collector types, three heat 

rejection technologies, three volumes of storage buffer and five areas of solar 

collector represent the wide configuration variability simulated. For each 

configuration, the most performing solar collector areas and storage buffer volumes 

have been individualized for several small TD chiller using objective functions. 

 

Within the Alone EU project [46] the main aim is to provide market-ready 

autonomous SolarCombi+ systems for residential or light commercial applications, 

i.e. small size systems 5-13 kW of cooling capacity. For this reason at two test sites 

fully automated, autonomous packaged-system solutions will be installed and tested 

collecting real data and assessing performances under full plant operation. One of 

the key elements of the project is the medium temperature heat of TD chiller to be 

rejected. 
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A special effort in the design phase has been spent for the heat rejection loop where 

the wet cooling tower utilization should be avoided as an aim of the project. Instead 

of the previous component three different solutions have been considered. Firstly the 

geothermal probes may be switched on till the ground will be capable to acquire the 

heat. Then an air heat exchanger battery at the exhaust side has been thought to 

cool down the condenser/absorber of the TD chiller and just in case that the two 

previous components will not be enough a dry air cooler will be turned on. Finally an 

energy box will be developed in the four years project. Several prototypes will be 

realized and installed in the systems. The target of this central energy box is to help 

the technician in the installation phase since all the main components of the system 

will be connected to the box and automatically the control strategy will be set up. In 

Figure 1-5 a draft of the energy box developed within one of the two test site. 

 

 
Figure 1-5: Energy box development within one of the test site of the Alone project. 
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1.2 Research Objectives and Approach 

The goal of this work is to develop general methodologies useful to researchers, 

engineers and plant managers for simulating, designing and controlling SolarCombi+ 

system for residential application. The methodologies would be in form of: 

1) Mathematical models for several heat rejection equipment 

1) “System – application” simulation 

2) Energy, Environmental and Economic analysis 

The methodologies developed are of a general nature so as to be applicable to a 

wide variety of configurations and solutions. 

1.3 Organization 

The main body of the thesis is presented in Chapters 2 – 7. Both simplified and 

detailed for the individual heat rejection components are developed in Chapter 2 and 

3. Results of these models are also compared with measurements. In Chapter 4 two 

other existing mathematical model are shortly presented. The reference building is 

defined in Chapter 5 together with the heating and cooling distribution system. The 

definition includes architectural design and orientation as well as the constructive 

descriptions of all building elements. The model of hydraulic system is described in 

the first part of Chapter 6. The equipment description is correlated to the control 

strategy of each local-loop. Results of “system-application” of a SC+ base case are 

discussed in the second part of Chapter 6. Typical results for the energetic and 

environmental savings associated with optimal control and comparison between 

different sizings are also presented in Chapter 6. In Chapter 7, dynamic simulation of 

the entire SC+ system is applied to all the considered heat rejection technologies in 

order to identify the optimal configuration. In addition, simulations in an another 

location is performed. Mathematical models developed in this study are listed in 

Appendices. 
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CHAPTER 2 

Dry Air Cooler Model 

2.1 Introduction 

In this chapter, a mathematical model is described for dry air coolers. The air-cooled 

heat exchanger, also known as dry cooler, air-cooler or fin-fan cooler, essentially 

consists of a finned tube heat exchanger bundle arranged above or below a fan 

plenum chamber. Forced or induced draft fans respectively blow or draw air across 

the finned tube bundles. Figure 2-1 shows a schematic of a crossflow induced-draft 

air-cooler. The cooling medium flows through the finned tubes, and heat is 

transferred from the fluid to be cooled to the ambient air. 

 

 

 

 
Figure 2-1: Air-cooled heat exchanger. 
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With air-cooled heat exchangers, it is not possible to cool the medium to below the 

ambient dry bulb temperature. In this case the difference between the medium 

outlet temperature and the air inlet temperature is generally referred to as the 

Terminal Temperature Difference (TTD) or approach where a TTD/approach of 7-8ºC 

is still considered economical, [6]. 

 

To model a small air-cooled heat exchangers or to evaluate the performance 

characteristics of a particular unit, relatively and simple but approximate methods 

may be adequate. A number of authors have reported on these methods and include 

Russell and Bos, Brown et al., Paikert, Shaikh, McKetta. However, these methods are 

usually less acceptable in the case of mass produced or large, specialized, and 

expensive systems, [7]. 

 

This component can be modelled by following an iterative procedure where the 

energy and draft equations must be satisfied simultaneously. 

 

For the heat transfer rate it is a simple matter to use the Log Mean Temperature 

Difference (LMTD) method of heat exchanger analysis when the fluid inlet 

temperatures are known and the outlet temperatures are specified or readily 

determined from the energy balance expression. The value of ∆Tlm for the exchanger 

may then be determined. However, if only the inlet temperatures are known, use of 

the LMTD method requires a cumbersome iterative procedure. It is therefore 

preferable to use an alternative approach termed the effectiveness-NTU (or NTU) 

method. 

 

The draft equation for an air-cooled heat exchanger is sometimes obtained by 

matching only the fan performance curve and the flow characteristics through the 

heat exchanger bundles. A suitable fan must deliver a cooling air flow rate efficiently 

to guarantee the desired heat transfer rate. In order to achieve this, a series of flow 

resistance must be overcome. Stagnant ambient air accelerates and flows across the 

heat exchanger supports before entering the heat exchanger bundle. After leaving 

the bundle where further downstream obstacles may be located, the flow experience 

losses in the plenum before reaching the fan and exiting. 
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At the moment in standard library of TRNSYS, a complete dry air cooler model where 

the energy and draft equations simultaneously are satisfied is not available. A 

possible solution in modelling a dry air cooler with TRNSYS can be achieved using 

Type 52b, i.e. a cooling coil which models a crossflow heat exchanger. The air mass 

flow rate is given as an input to the Type and the electricity consumption is 

calculated with the fan laws. 

2.2 Complete Dry Air-Cooler Model 

This component models the performance of a multiple-cell crossflow dry cooler. For 

this model there is only one variable parameter, i.e. the number of fan, which is 

strictly related to the number of cell, Figure 2-2. 

 

 
Figure 2-2: Schematic of a multiple cell crossflow dry air cooler. 

 

In Table 2-1 all the hidden parameters are reported. 

 

Table 2-1a: Dry cooler hidden parameters. 
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Table 2-1b: Dry cooler hidden parameters. 

 
 

2.2.1 Geometries 

For the modeling of the Dry Air Cooler several geometrical parameters have to be 

calculated. The Type of surface selected is a finned circular tubes, surface 8.0-3/8T 

[8], the surface geometric characteristics are: 

 

• Tube outside diameter, dext = 0.0102 m 

• Fin pitch = 315 per meter and Fin spacing, Pf = (1/315) m 

• Flow passage hydraulic diameter = 0.00363 m 

• Fin thickness, tf = 0.00033 m 

• Free-flow area/frontal area, σ = 0.534 

• Heat transfer area/total volume α = 587 m²/m³ 

• Fin area/total area = 0.913 

 

The heat transfer from a bank of circular finned tubes in cross flow is considered 

here. The finned rows are staggered in the direction of the fluid velocity, Figure 2-3. 
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Figure 2-3: Finned circular tubes bank, surface 8.0-3/8T. 

 

Firstly a small control volume located between the centerlines of two adjacent tubes 

and two adjacent fins in the upstream tube row has been considered and several 

areas calculated, Figure 2-4. 

 

The minimum free flow area through this control volume is 

 

( ) ( )ffexttcvc tPdPA −⋅−=
   Eq. 2-1 

 

The frontal area is 

 

ftcvfr PPA ⋅=
     Eq. 2-2 

The ratio between the previous areas is σ. The fin surface area exposed to the 

airstream is 
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With Pt is the transversal tube pitch and Pl is the longitudinal tube pitch. The values 

are reported in Figure 2-3. 

 

 
Figure 2-4: Small control volume together with all the calculated area. 

 

The total area exposed to the airstream flowing through this elementary control 

volume is 
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( )ffextcvfcva tPdAA −⋅⋅+= π
   Eq. 2-4 

 

and the hydraulic diameter for the control volume (also applicable to the core) can 

be expressed as 

 

cva

lcvc

A
PA

dea
⋅

⋅= 4
     Eq. 2-5 

 

The previous geometric characteristics are all the parameters needed to solve this 

problem, Figure 2-4. 

2.2.2 Energy Equations 

A hot process fluid enters the tubes at a temperature, Tp,i ,while cooler ambient air 

flows across the finned surface at a temperature, Ta,i. 

The amount of heat transferred to the air stream from the process fluid can be 

expressed as 

 

( ) ( )ipoppppiaoapaa TTcmTTcmQ ,,,, −=−=
  Eq. 2-6 

 

The heat transfer rate may also be expressed in terms of the effectiveness of the 

heat exchanger, i.e. 

 

( )iaip TTeCQ ,,min −=
     Eq. 2-7 

 

where variable Cmin stays for the smaller between macpa and mpcpp and e is the 

effectiveness which depends on the geometry and flows pattern of the fluids through 

the heat exchanger. 
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To solve this problem employing the characteristic curves shown in Figure 2-5, it has 

been followed the same method of analysis as was used by Kays and London in the 

preparation of such curves. 

 

 
Figure 2-5: Finned circular tubes, surface 8.0-3/8T, [8]. 

 

Initially, the thermo physical properties of the air fluid stream are evaluated at the 

specified inlet conditions. Inlet air density, specific heat of dry air, dynamic viscosity 

and thermal conductivity of the air can be calculated with empirical equations from 

General Electric Heat Transfer and Fluid Flow Data Book. With these values, the 

Prandtl number can be found. 

 

At this Reynolds number from Figure 2-5 the product of the Stanton and the Prandtl 

number can be red. Kays and London present their heat transfer data for many 

different finned surfaces in dimensionless form using a method originally proposed by 

Colburn, Eq. 2-8. 

Re
Pr

PrRe
Pr

Pr
667.0667.0

667.0 offunction
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⋅

⋅
=

⋅

⋅
=⋅=

  Eq. 2-8 
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where j is known as the Colburn j-factor. Starting from the small control volume 

presented in the previous paragraph, the Reynolds number can be calculated with 

the hydraulic diameter and the air mass velocity, Gc, through the minimum free flow 

area of the core. The following chart shows an interpolation curve which has been 

built with a procedure included within the Engineering Equation Solver program, 

[10]. The procedure keeps into consideration the Kays and London data reported in 

Figure 2-5. 

 

 
Figure 2-6: J-factor interpolated curve from experimental data presented by Kays and 

London. 

 

From the following equation the air-side heat transfer coefficient is 

 

paiaicaiai cGSth =
        Eq. 2-9 

 

The thermo physical properties of the water fluid stream are evaluated at the 

specified inlet conditions. Inlet air density, specific heat of dry air, dynamic viscosity 

and thermal conductivity of the air can be calculated with empirical equations as 

well. With these values the water-side Prandtl and Reynolds number can be found. 
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It is assumed that the inner surface of the circular tube is smooth, the friction factor 

according to Filonenko can be determined using Eq. 2-10 since the flow is turbulent. 

 

( ) 2
10 64.1Relog82.1 −−⋅=Df     Eq. 2-10 

 

On the basis of the earlier work of Hausen and Petukhov as well as on most of the 

available experimental data, Gnielinski propose the following equation for the water-

side heat transfer coefficient calculation: 

 

( ) ( ) ( )[ ]
( ) ( )1Pr87.121

1Pr1000Re8
67.05.0

67.0

int −⋅+
+−−

=
D

Dwi
wi f
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d
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  Eq. 2-11 

 

And in laminar condition 

 

int

36.4
d
k

h wi
wi ⋅=

      Eq. 2-12 

 

For a transitional condition a linear relationship between the heat transfer 

coefficient for the turbulent and laminar cases is used. 

 

For the small control volume, see Figure 2-4, having a water-side surface area 

 

fcvw PdA ⋅⋅= intπ
      Eq. 2-13 

It is now possible to find the product between the overall heat transfer coefficient 

and the corresponding area 
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   Eq. 2-14 

And for the entire radiator core 

 

fpasses

ttcvi
i Pn

LnAU
AU

⋅
⋅⋅

=
      Eq. 2-15 

 

Where tt is the tube thickness, nt is the number of tubes and Lt is the modular 

parameter which takes into consideration the length of tubes in each rows for unit. 

 

Since the mass flow rates of the fluids are known, the effectiveness of the heat 

exchanger can be determined with the smaller capacity ratio between the air and 

water-side, such that 

 

minC
AU

NTUN i==
      Eq. 2-16 

 

For an air-cooled condenser, if the number of passes increases beyond about four, 

the performance of a crossflow heat exchanger approaches that of a counterflow, 

[9]. For a multipass overall-counterflow arrangement with the process fluid mixed 

between passes, the effectiveness is given by Kays and London [8] as in Eq. 2-17 
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      Eq. 2-17 

where np is the number of identical passes in the overall-counterflow arrangement 

and ep the effectiveness of each pass. Although Eq. 2-17 is deduced for the case of 
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fluid mixing between passes, it can also be employed to predict the effectiveness for 

unmixed flows to a satisfactory degree of accuracy for practical heat exchangers, 

[7]. 

 

The values for single-pass, both fluids unmixed and cross flow heat exchanger is 

reported by Eq. 2-18 
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   Eq. 2-18 

 

And thus the approximate heat transfer rate can be calculated with Eq. 2-7. 

2.2.3 Draft Equations 

The draft equations for an air-cooled heat exchanger are obtained by matching the 

performance curve, see Figure 2-8, and the flow characteristic through the heat 

exchanger bundles. In this model a suitable fan has to be coupled in order to deliver 

a cooling air flow rate efficiently and thus guarantee the desired heat transfer rate. 

 

For the previous reason, a series of flow resistances must be overcome. Stagnant 

ambient air at the inlet accelerates and flows across the heat exchanger support 

before entering the heat exchanger bundle, where upstream obstacles such 

structural supports or a screen or mesh guard may be located. After leaving the 

bundle where further downstream obstacles may be located, the flow experiences 

the losses in the plenum before reaching the fan and exiting, see Figure 2-1. 

 

In general a dimensionless coefficient can be defined between two sections in a 

horizontal duct as 
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      Eq. 2-19 

 

where the velocity, v , is usually based on conditions at either section 1 or section 2. 

If the flow is incompressible and the velocity distribution at sections 1 and 2 is 

uniform, as is approximately the case in turbulent flow, the kinetic energy 

coefficient is αe ≈ 1, and Eq. 2-19 can be written as 

 

2

2
,,

v
pp

K outtint

ρ
−

=

        Eq. 2-20 

 

where pt,in and pt,out are total pressures at the inlet and outlet of a portion. K is also 

referred to as the total pressure loss coefficient. 

 

To determine weather the draft equation is satisfied it has been applied Eq. 2-20 

across the consecutive flow resistances. Upon addition, it has been found an 

expression for the pressure difference between the inlet and the outlet of the dry-

cooler, Eq. 2-21, [7]. 
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 Eq. 2-21 

 

Where  

the velocity has been replaced by the air mass flow rate and the corresponding flow 

area. Geometrical variables are the fan casing area, Ac, hub cross-sectional area, Ah, 

and finally the net area between the previous two, Ae = Ac-Ah. HHEX is the distance 

between the high of the air outlet and the heat exchanger bundle. 
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The heat exchanger dimensionless loss coefficient for non-isothermal flow in this 

case is given by Kröger as 
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     Eq. 2-22 

 

Where the friction factor, fappi , is calculated with an interpolation curve from 

experimental data, Kays and London, with the help of the EES program, Figure 2-7. 

 

 
Figure 2-7: Friction factor interpolated curve from experimental data presented  

by Kays and London. 

 

The upstream and downstream loss coefficients, Kup and Kdo, are reported by Kröger 

from his experimental analysis, [7], but in this problem not investigated. 

 

Finally the fan static pressure rise dimensionless coefficient is defined as 

 

( )2
,2 caoutaFsFs AmpK ρ∆=

       Eq. 2-23 
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the actual air volume flow rate through each fan is 

 

outfan

a

n
mV

ρ
=

     Eq. 2-24 

 

Since the actual density and rotational speed of the fan are not the same as the 

reference conditions for which the performance characteristics were specified, the 

relevant fan laws have been employed. 

 

( )NNVV FrFr =     Eq. 2-25 

 

At this flow rate the reference fan static pressure, i.e. ∆pFsr, comes from the Figure 

2-8, at the reference flow rate, Eq. 2-25. 

 

 
Figure 2-8: Reference fan static pressure. 

The actual change in fan static pressure expressed by Eq. 2-26 is 

 

( ) ( )raoutaFrFFsrFs NNpp ,,
2 ρρ∆=∆

   Eq. 2-26 
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The same procedure can be followed if the chart of the fan shaft power is delivered 

by the manufacturer at the reference condition. 

2.2.4 Solution of the Model 

The set of equations reported has been solved through an iterative procedure, and 

now a Type is available for TRNSYS. In Figure 2-9 the system of two no linear 

equations with air mass flow rate and outlet air temperature as variables is 

presented. 

 

 
Figure 2-9: No linear equations system. 

 

Initially the dry air cooler model has been studied with the Engineering Equation 

Solver program since the solution of a set of algebraic equations is the basic function 

provided by EES. The program automatically identifies and groups equations that 

must be solved simultaneously. This feature simplifies the process for the user and 

ensures that the solver will always operate at optimum efficiency. 

In EES all the 114 equations which describe the mathematical model have been easily 

inserted within the equation window together with 5 inputs and one parameter, 

Figure 2-10. 
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Figure 2-10: Equation Engineering Solver diagram window. 

 

Thus the first decisions on which equations are needed to describe the mathematical 

model and on what are going to be the parameters, inputs and outputs of the model 

in EES are taken. 

 

The new model has been created starting by the component proforma in TRNSYS 

Simulation Studio where all the variables have been declared. Simulation Studio then 

automatically has generated a Fortran skeleton for the new Type together with a 

project that it has been opened in a Fortran compiler. At this point the computer 

model has been written in Fortran within the project. The new Type works with an 

iterative procedure for the calculation of the air mass flow rate. The iteration loop 

uses the secant method to converge and stops when the draft equation is satisfied. 

 

That project includes all the settings needed in order to generate an external DLL 

which has to be inserted within the TRNSYS folders in order to use the new Type in 

Simulation Studio, see Appendix A: Dry Air Cooler Model. 
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2.2.5 Model Validation 

The TRNSYS model for the dry air cooler had to be tested. Firstly, a dry air cooler 

model with one ventilator as parameter was validated with three working points 

supplied by Ikerlan. Secondly, the previous model was checked with three ventilators 

as parameter and data supplied by an Italian distributor of Guentner dry air cooler, 

Table 2-2. 

 

The three working points presented by Ikerlan were obtained in the course of the 

development of a small dry air cooler to be employed in connection with the 

Rotartica absorption chiller, an air conditioning unit for homes and small stores. The 

physical description of the cooler used to obtain the experimental measurements is 

summarized in Table 2-2 and within the paragraph 2.2.1. 

 

Table 2-2: Experimental data on Dry Air Cooler. 

 
 

The data given and reported in Table 2-2 includes air rate unfortunately only for the 

first three working points while water rate, inlet and outlet water temperatures for 

all the points. The outlet air conditions were not measured since these data are 

difficult to measure in turbulent conditions. Tabulated values of the heat rejection 

rate were delivered together with the other data. 

 

The first three runs in Table 2-2 are used for the validation of the proposed dry air 

cooler complete model when only one ventilator is selected. Results are showed in 

Figure 2-11. The x-axis is the real data of heat rejection rate and outlet water 
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temperature with the measured data delivered by Ikerlan. The y-axis is the 

calculated data predicted by the dry air cooler model. 

 

 
Figure 2-11: Model validation with one fan. 

 

There are three lines in the figure to indicate performance of dry air cooler complete 

model. The line in the middle means the ideal case, where the model exactly 

predicts the heat rejection rate and outlet water temperature of operating 

component. The other two lines give the boundary of ±10% deviation from the ideal 

case. If the data points fall in margin of -10% error, it means that the model under-

predict the heat rejection rate and the outlet water temperature of the dry cooler. 

When the data points fall in margin of +10% error, the model over-predict the real 

heat rejection rate and outlet water temperature. Looking at the Figure 2-11 both, 

heat rejection rate and outlet water temperature, have an errors acceptable for 

modeling. 

 

The last three runs in Table 2-2 are used for the validation of the previous dry air 

cooler model where only one change is done, i.e. the number of the ventilators to be 

used. Therefore the hidden geometric parameters as in Table 2-1 and geometries in 

paragraph 2.2.1 do not change. 
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Figure 2-12: Model validation with three fans. 

 

Results are showed in Figure 2-12. The x-axis is the real data of heat rejection rate 

and outlet water temperature with the measured data delivered by AirTech. The y-

axis is the calculated data predicted by the dry air cooler model with three 

ventilators. 

 

The aim of the previous study is the investigation on whether a complete dry air 

cooler model can be well adapted to different heat rejection size changing only the 

number of the ventilators or even geometric parameters have to be changed. Figure 

2-11 and Figure 2-12 show the results of this analysis where errors stay in a range of 

± 10%. 

2.3 Dry Air Cooler with Fogging Device 

This device is an air-cooled heat exchanger similar to the one described above, 

however equipped with additional nozzles located below the finned tube bundles. On 

demand, water is sprayed co-currently into the inlet air stream, hereby partially 

wetting the surface of the fins. This water evaporates, allowing the medium in the 

tubes to be cooled to temperatures below the ambient air dry bulb temperature. 

 

This is not an elegant solution and is problematic for various reasons. Water should 

only be sprayed in special circumstances such as cases where a system is designed for 

an air temperature of 35ºC and this value is exceeded for only several hours of the 

year. 
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Air-cooled heat exchangers are principally designed for dry operation. Frequent use 

of the water spray can cause considerable corrosion, scaling and fouling, particularly 

on the heat exchanger bundles. Water consumption is also high and only softened 

water may be used. 

 

 
Figure 2-13: Air-cooled heat exchanger with fogging device. 

 

This component is modeled using an equation trick which decrease the inlet air 

temperature of 3°C when the outlet water temperature does not satisfied the chiller 

requirement. The water consumption is calculated with an energy balance. 
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CHAPTER 3 

Wet Cooling Tower Model 

3.1 Introduction 

In this chapter, a model is presented for small open loop evaporative cooling towers. 

The open loop evaporative cooling tower, commonly referred to as a wet cooling 

tower, consists of a shell containing packing/fill material with a large surface area. 

Nozzles arranged above the packing, spray and distribute heated cooling water from 

the condenser evenly onto the packing. The water trickles through the packing into a 

pond from which it is pumped back to the condenser. The water is cooled by air, 

drawn or blown through the packing by means of a fan. The air flow, which is either 

in counter-flow or cross-flow to the water flow, causes some of the water to 

evaporate, Figure 3-1. 

 

 
Figure 3-1: Open loop Wet Cooling Tower. 
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It is no problem to cool the water to below the ambient dry bulb temperature using a 

cooling tower, as the wet-bulb temperature determines the degree of cooling. The 

difference between the outlet water temperature and the inlet air wet bulb 

temperature is frequently reported as an indication of the performance of a cooling 

tower. An “approach to the inlet wet bulb” of 4ºC can still be achieved economically, 

[6]. 

 

The art of evaporative cooling is quite ancient, although it is only relatively recently 

that it has been studied scientifically. Merkel [11] developed the theory for the 

thermal evaluation of cooling towers in 1925. This work was largely neglected until 

1941 when the paper was translated into English. Since then, the model has been 

widely applied. The Merkel theory relies on several critical assumptions to reduce the 

solution to a simple hand calculation. Because of these assumptions, however, the 

Merkel method does not accurately represent the physics of heat and mass transfer 

process in the cooling tower fill. 

The critical simplifying assumptions of the Merkel theory are: 

 

• The Lewis factor, Lef, relating heat and mass transfer is equal to 1; 

• The air exiting the tower is saturated with water vapour and it is characterized 

only by its enthalpy; 

• The reduction of water flow rate by evaporation is neglected in the energy 

balance. 

 

The Poppe model was developed by Poppe and Rögener [14] in the early 1970s. The 

method of Poppe does not make the simplifying assumptions made by Merkel. The 

critical differences between the Merkel and Poppe methods are investigated by 

Kloppers and Kröger [12]. 

3.2 Merkel Theory 

The Merkel model is a very popular model and its employment is recommended by 

international standards. The Merkel theory relies on several critical assumptions to 
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reduce the solution of heat and mass transfer in wet-cooling towers to a simple hand 

calculation. 

 

The critical simplifying assumptions of the Merkel theory are: 

 

• The Lewis factor, Lef, relating heat and mass transfer is equal to 1. This 

assumption has a small influence but affects results at low ambient 

temperatures. 

• The air exiting the tower is saturated with water vapour and it is characterized 

only by its enthalpy. This assumption regarding saturation has a negligible 

influence above an ambient temperature of 20°C but is of importance at lower 

temperature. 

• The reduction of water flow rate by evaporation is neglected in the energy 

balance. This energy balance simplification has a greater influence at elevated 

ambient tempertures. 

 

Kloppers and Kröger [12] stated that the Merkel theory is simple to use and can 

correctly predict cold water temperature when an appropriate value of the 

coefficient of evaporation is used. In contrast, it is insufficient for the estimation of 

the characteristics of the air leaving the fill and for the calculation of changes in the 

water flow rate due to evaporation. These quantities are important to estimate 

water consumption and to predict the behaviour of plumes exiting the cooling tower. 

Eq. 3-1 and Eq. 3-2 are obtained from mass and energy balances of the control 

volumes shown in Figure 3-5 and Figure 3-6 where air is in counterflow with a 

downwards flowing water stream. For the Merkel theory it is assumed that the 

change in water mass flow rate due to evaporation is negligible, i.e., dmw=0, 
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Eq. 3-1 and Eq. 3-2 describe, respectively, the change in the enthalpy of the air-

water vapor mixture and the change in water temperature as the air travel distance 

changes. Eq. 3-1 and Eq. 3-2 can be combined to yield upon integration the Merkel 

equation, 
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  Eq. 3-3 

 

where MeM is the transfer coefficient or Merkel number according to the Merkel 

approach, afi is the surface area of the fill per unit volume of fill, and hd is the mass 

transfer coefficient. It is often difficult to evaluate the surface area per unit volume 

of fill due to the complex nature of the two-phase flow in fills. It is, however, not 

necessary to explicitly specify the surface area per unit volume or the mass transfer 

coefficient as these are contained in the Merkel number which can be obtained from 

the right-hand side of Eq. 3-4. It is not possible to calculate the true state of the air 

leaving the fill according to Eq. 3-4 Merkel assumed that the air leaving the fill is 

saturated with water vapour. This assumption enables the air temperature leaving 

the fill to be calculated. 

 

In standard TRNSYS library Type 051 models the performance of a multiple-cell 

counterflow or crossflow cooling tower and sump. There are two primary modes for 

this model. In the first mode, the user enters the coefficients of the mass transfer 

correlation, c and n, in order to determine tower effectiveness, Eq. 3-4 and Eq. 3-5. 
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Although this data is difficult to obtain Simpson and Sherwood [16] give some typical 

data. In the second mode, the user enters overall performance data for the cooling 

tower, Figure 3-2, and the model determines the parameters c and n that provide a 

best fit to the data in a least-squares sense, Figure 3-3. 

 

 
Figure 3-2: Tower performance data input. 

 

 
Figure 3-3: Calculated c and n parameters within the Type 051a. 

 

Values for c and n are outputs and can be used in subsequent simulations instead of 

the program recalculating them. The example data file shown above was created 

from the data presented in Simpson and Sherwood [16] for the R-1 tower in 

International System units. 

 

The whole Table 3-1 is used as well for the validation of the existing tower model 

and the results are showed in Figure 3-4. The x-axis is the real data of heat rejection 

rate calculated with the measured data, while the y-axis is the calculated data 

predicted by the cooling tower model. 
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Figure 3-4: Type 051b, model validation. 

 

In order to quantitatively show the performance of the model prediction, an error 

index, Root-Mean-Square of Relative Error (RMSRE), is adopted see Eq. 3-34. A value 

of 6.8 % has been obtained and it is higher than that calculated below with the new 

method. 

3.3 Poppe Analysis 

The following subsection where the governing equations of the evaporative cooling 

process are derived according to the Poppe method of analysis is adapted from, 

Kloppers [13]. The procedure to calculate the Merkel number, according to the 

Poppe method, is not extended in the current thesis. In order to have a more 

detailed representation of the integration of the Merkel number in the counterflow 

transfer region refers to Kloppers [12]. The governing equations that follow can be 

solved by the fourth order Runge–Kutta method. Refer to paragraph Solution of the 

model for the procedure to solve the governing equations by the Runge–Kutta 

method. 
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3.3.1 Governing equations for heat and mass transfer in fill for 

unsaturated air 

Without the simplifying assumptions of Merkel, the mass and energy balances from 

Figure 3-5 and Figure 3-7 yield after manipulation for unsaturated air 

 

 
Figure 3-5: Control volume of counterflow fill. 

 

 
Figure 3-6: Air-side control volume of fill. 
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where the Lewis factor, which is an indication of the relative rates of heat and mass 

transfer in an evaporative process, is defined as Lef =h/hdcpa, [15]. Bosnjakovic 

proposed the following relation to express the Lewis factor for air-water vapour 

systems: 
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The transfer coefficient or Merkel number according to the Poppe approach is given 

by 
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The varying mass flow rate ratio in Eq. 3-6 and Eq. 3-7 can be determined by 

considering the control volume in the fill of Figure 3-7. A mass balance of the control 

volume yields 
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Eq. 3-6 - Eq. 3-10 are only valid if the air is unsaturated. If the air is supersaturated, 

the governing equations are 
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Figure 3-7: Control volume of the fill. 
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where the Lewis factor for supersaturated air is given by 
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The Merkel number according to the Poppe approach is given by 
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The equations of the Poppe method must be solved by an iterative procedure 

because the humidity ratio at the air outlet side of the fill, wo in Eq. 3-10, is not 

known a priori. Refer to Poppe and Rögener [14], Kloppers [13] and Kröger [7] for 

more detailed information on the derivation of these equations. 

3.3.2 Solution of the model 

The heat rejection rate and the loss in cooling water, due to evaporation, in a 

mechanical draft counterflow wet-cooling tower, as shown in Figure 3-1 are 

determined while employing the Poppe approach for heat and mass transfer in the 

fill. It is assumed that the water and the airflow through the fill are uniform. The 

complete model is reported in Appendix B. 

 

The transfer area, i.e. the fill, rain zone and spray zone, is divided into five 

intervals, with an equal temperature difference across each interval, for the 

numerical integration of the governing equations of the Poppe approach. 
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Figure 3-8: Counterflow fill divided into five intervals. 

 

With a decided air mass flow rate three cooling tower design variables are chosen 

and solved through an iterative procedure. These variable are Ta5, Two, w(5), refer to 

Figure 3-8. Initial approximations for the variables must be supplied for the first 

iteration of the cooling tower analysis. A preliminary estimate can be made on the 

evidence of empirical results and simple physical models. The initial approximations 

of the water outlet temperature, Two, and the outlet air temperature, Ta5, are 

determined from empirical relations found in literature. This iterative procedure, 

however, can be stopped whenever the desired accuracy has been obtained. 

 

Empirical transfer characteristics of the rain, fill and spray zone have been found in 

literature [16] and derived by employing the Merkel approach. However, the Poppe 

approach is used to evaluate the cooling tower performance. 

 

The fourth order Runge–Kutta method [17] is employed to solve the system of 

differential equations for unsaturated and supersaturated air. The system of 

equations for unsaturated air (including saturated air) is represented by Eq. 3-6, Eq. 

3-7 and Eq. 3-9. The system of equations for supersaturated air is represented by Eq. 

3-11, and Eq. 3-14. In the equations that follow, ima must be replaced by iss for 
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supersaturated air. The first step in the solution process is to divide the fill into a 

number of intervals where the water temperature difference is equal across each 

interval, i.e. 

 

( )
( )inervalsofnumber

TT
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w
−

=∆
  Eq. 3-15 

 

Figure 3-8 shows an example where the fill is divided into five intervals. It is 

necessary to divide the fill into more than one interval to capture, as accurately as 

possible, the point at which the air becomes supersaturated. This is because a 

different set of equations is applicable for supersaturated air. Approximately five 

intervals are generally sufficient to obtain accurate results. It was mentioned that 

the value of wo is not known a priori. A value of wo is guessed and a new value of wo 

is subsequently determined. The equations are solved until the value of wo 

converges. Only a few of these iterations are generally necessary to obtain 

convergence. 

The equations are solved across one interval at a time by the Runge–Kutta method, 

which is afterward explained. The air, which is generally unsaturated, enters the fill 

at Level (0) in Figure 3-8 with wi, imai, ma known. The values of w(1) and ima(1) are then 

determined by the Runge–Kutta method with the set of equations for unsaturated air. 

ma remains constant. It is then determined whether the air is still unsaturated or if it 

is supersaturated at the outlet of the first interval, i.e. at level (1) in Figure 3-8. If 

the air is supersaturated, the set of equations for supersaturated air must be solved 

across the next interval. If the air is supersaturated it will generally remain in the 

supersaturated state through the rest of the fill. The following procedure can be 

followed to determine whether the air at the outlet of an interval, as indicated in 

Figure 3-8, is unsaturated or supersaturated: assume that the air at level (1), for 

example, is unsaturated and determine Ta(1) by iterative means with w(1) and ima(1) 

known. Then assume that the air is saturated and determine the wetbulb 

temperature, Twb(1). If Ta(1) > Twb(1) then the assumption that the air is unsaturated is 

correct. If Twb(1) > Ta(1), which is impossible, the air is supersaturated. The actual 

value of the wetbulb temperature is then Twb(1) = Ta(1). 
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Eq. 3-6, Eq. 3-7 and Eq. 3-9 for unsaturated and saturated air or Eq. 3-11, Eq. 3-12 

and Eq. 3-14 for supersaturated air can be respectively written as 
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Refer to Figure 3-8. The cooling tower fill is divided into one or more intervals with 

the same water temperature difference across each interval. In addition to the 

intervals, levels are specified (a level is an imaginary horizontal plane through the fill 

at the top and bottom of the fill and between two fill intervals). Initial values of the 

variables w, ima and Tw are required on a particular level, say level (n). The values of 

the variables can then be determined at level (n + 1) with the aid of Eq. 3-19 – Eq. 

3-21. 
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Where 

 

( ) ( ) ( ) ( )( )nnmanwwn wiTfTj ,,1,1 ∆=+     Eq. 3-22 

( ) ( ) ( ) ( )( )nnmanwwn wiTgTk ,,1,1 ∆=+      Eq. 3-23 

( ) ( ) ( ) ( )( )nnmanwwn wiThTl ,,1,1 ∆=+      Eq. 3-24 
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  Eq. 3-30 

and 

( ) ( ) ( ) ( ) ( ) ( )( )3,13,14,1 ,, +++ ++∆+∆= nnnnmawnwwn jwkiTTfTj
  Eq. 3-31 

( ) ( ) ( ) ( ) ( ) ( )( )3,13,14,1 ,, +++ ++∆+∆= nnnnmawnwwn jwkiTTgTk
  Eq. 3-32 

( ) ( ) ( ) ( ) ( ) ( )( )3,13,14,1 ,, +++ ++∆+∆= nnnnmawnwwn jwkiTThTl
  Eq. 3-33 

 

The four variables in the Runge–Kutta method are Tw, w, iss or ima and MeP from the 

left-hand side of Eq. 3-6, Eq. 3-7 and Eq. 3-9 for unsaturated air and Eq. 3-11, Eq. 

3-12 and Eq. 3-14 for supersaturated air. For this reason Eq. 3-16 – Eq. 3-18 are 

functions of only w, ima or iss and Tw. Most of the other variables are functions of 

these variables. Eq. 3-16 – Eq. 3-18 are not functions of MeP because dMeP/dTw is a 

function of dw/dTw . Thus, Eq. 3-6 and Eq. 3-7 for unsaturated air, or Eq. 3-11 and 

Eq. 3-12 for supersaturated air can be solved without Eq. 3-9 or Eq. 3-14 

respectively. 
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3.3.3 Model validation 

Calculations regarding the performance of the cooling tower using the Poppe 

approach have been validated from the data provided by Simpson and Scherwood 

[16] as this offers the most comprehensive data in terms of experimental 

measurement as well as physical description of the tower used, Figure 3-9. Table 3-1 

contains all the experimental values that were compared. 

 

The experimental data presented by Simpson and Sherwood were obtained in the 

course of the development of a small cooling tower to be employed in connection 

with the installation of absorption-type air conditioning units for homes and small 

stores. 

 

 
Figure 3-9: Schematic diagram and physical data on experimental cooling tower R-1. 

 

Data are reported on one tower design, designated as R-1. Figure 3-9 is an end view 

illustrating the general tower shape of the type. In the table beside the schematic 

diagram gives dimensions on which all the data were obtained. 
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Table 3-1: Experimental data on towers packed with redwood slats. 

 
The data given and reported in Table 3-1 includes air rate, water rate, inlet and 

outlet water temperatures, air dry bulb temperatures, air wet bulb temperatures. 

The outlet air conditions were measured at three positions in the outlet air plenum 

chamber and averaged. Tabulated values of the Merkel number were obtained by 

using K’a supplied by Simpson and Scherwood. 
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Thanks to the model complete readings were obtained on this tower and the heat 

load calculated within the model from water rate and temperature drop and from air 

rate and increase in air temperature. All heat balances checked within the 12 per 

cent; the large majority checked within 8 per cent. 

 

According to the Table 3-1, therefore there are totally 50 values for this cooling 

tower type. In order to quantitatively show the performance of the model prediction, 

an error index, Root-Mean-Square of Relative Error (RMSRE), is adopted [18]: 

 

n
D

DD

RMSRE
i

sim

2

50
1

exp

exp∑ ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ −

=
=

  Eq. 3-34 

 

The whole Table 3-1 is used for the validation of the proposed cooling tower model 

and the results are showed in Figure 3-10. The x-axis is the real data of heat 

rejection rate calculated with the measured data, while the y-axis is the calculated 

data predicted by the cooling tower model. 

 

 
Figure 3-10: Type 780, model validation. 
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The RMSRE for this model validation with 50 points is 4.8 %. 

3.4 Comparison between the two Models 

It is expected that the Poppe approach will lead to more accurate results than that 

obtained by employing the Merkel approach, as it is the more rigorous approach. The 

comparison between the Poppe and Merkel approaches is shown on the psychometric 

chart in the below figures. The humidity of the air through the entire cooling process 

is predicted by the Poppe approach, unlike the Merkel approach where only the 

outlet condition of the air is known, i.e. it is saturated. 

 

The differences between the Merkel and Poppe approaches are investigated at 

various operating conditions for a small mechanical draft cooling tower performance 

calculations. Ambient air temperatures between 28 and 37°C are considered. The 

humidity of the air is varied from completely dry to saturated conditions. 

The cooling process is shown on the T-X diagram in Figure 3-11 and the Merkel 

approach is shown as a broken straight line. 

 

 
Figure 3-11: Path of air in a wet-cooling tower when the inlet ambient air is 

hot and very dry. 



CHAPTER 3 Wet Cooling Tower Model 
 

    
 48  

The line for the Merkel approach is presented as a broken line because straight lines 

can only be used on psychometric charts if the temperature of the water surface is 

constant. The line for the Merkel approach is presented as a straight line because no 

other information is given by the Merkel theory about the humidity of the air, except 

that is saturated at the air outlet side. That is way the air at the outlet of the cooling 

tower is assumed to be on the saturation line as shown in Figure 3-11. 

Figure 3-11 shows an example of a psychometric chart for a wet cooling process 

solved by the Merkel and the Poppe approach. The inlet air to the cooling process is 

very hot and dry. Figure 3-12 in the other way around shows an example of a 

psychometric chart where the inlet air is hot and humid. 

 

 
Figure 3-12: Path of air in a wet-cooling tower when the inlet ambient air is 

hot and very humid. 

3.5 Final Considerations 

Thanks to the fact that Poppe approach is the more rigorous approach, it will predict 

the total heat transfer rate water, the water evaporation rate and thus the air outlet 

temperature more accurately than the other approaches. This may lead to situations 

where the predicted cooling tower operating conditions will not be the same as those 
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predicted by the other approaches, and it may therefore predict cooling ranges 

different from those predicted by the Merkel approach. 

 

Figure 3-13 summarise all the outputs produced respectively by the two approaches. 

The x-axis is the data obtained with the Poppe approach, while the y-axis is the data 

predicted by the Merkel approach. 

 

 
Figure 3-13: Heat transfer rate, water evaporation rate and air outlet temperatures  

for the 50 operation conditions presented in Table 3-1. 

 

The heat transfer rate is the variable which is more influenced by the two 

approaches. A discrepancy around 10 % has been observed between the two 

approaches. The other variables are affected with a smaller difference, Figure 3-12. 
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CHAPTER 4 

Alternative Heat Rejection Technologies 

In this chapter existing TRNSYS Types for two alternative heat rejection technologies, 

i.e. horizontal geothermal probes and swimming pool, are described. 

4.1 Horizontal Geothermal Probes 

Horizontal collectors require relatively large areas, free from hard rock or large 

boulders, and a minimum soil depth of 1.5m. They are particularly suitable in rural 

areas, where properties are larger, and for new construction. In urban areas the 

installation size may be limited by the land area available. 

 

 
Figure 4-1: Horizontal geothermal probes in a SolarCombi+ system. 

 

The ground temperature should be determined because the temperature difference 

between the ground and the fluid in the ground heat exchanger drives the heat 

transfer. At depths of less than 2 m the ground temperature will follow the air 
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temperature and will show marked seasonal variation. As the depth increases the 

seasonal swing in temperature is reduced and the maximum and minimum soil 

temperatures begin to lag the temperature at the surface. At a depth of about 1.5 m 

the time lag is approximately one month, [19]. 

4.1.1 Simulation models for horizontal ground probes 

For this thesis, a ground heat exchanger model was needed that could deliver a 

return water temperature that depended on length, depth, hours of operation, time 

of year, and soil Type. The model had to simulate a real system where the entering 

water temperature changes as the system operates. 

 

In literature the most used models are mainly based on two methods, [20]. 

A first method is called “Line-source theory”. It assumes that a pipe is buried in a 

large cylinder of soil. The temperature at the outer edge of the soil is that of 

undisturbed soil, called far field conditions. The solution assumes a steady state 

temperature profile in the soil with a constant energy flux along the entire pipe 

length and no temperature gradients in the axial direction. Use of the model requires 

that the temperature leaving the pipe and the energy load on the pipe is specified. 

The line-source theory is not chosen in transient simulation because the temperature 

profile in the soil is a steady state profile at all times. This means that it does not 

model the thermal capacitance of the soil, an important effect in transient 

simulations. 

A second method is based on finite difference modeling of the ground. Finite 

difference modeling allows the transient behavior of systems with thermal 

capacitance to be modeled. The material of interest is divided into a grid of nodes, 

each having a thermal capacitance determined by its volume and specific heat. 

Energy transfer between nodes uses Fourier's law of heat transfer, where the 

temperature difference between the nodes drives the energy transfer and the 

materials conductivity determines at what rate the energy is transferred. The 

temperature for each node is updated by stepping through time. 

 

A finite difference model of the buried heat exchanger allows for the capacitance of 

the soil to be captured, enabling soil and heat exchanger fluid temperatures to 
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change with time. A model from Oak Ridge National Lab (ORNL) for the ground heat 

transfer was used as the basis for the model developed by Giardina, [21]. Since 2004 

in the TESS TRNSYS library the Giardina model is available as Type 556 [23]. 

 

Another model of buried noded pipes has been developed and since 2006 available in 

TESS TRNSYS library as Type 956 [23]. The model relies on a 3-dimensional finite 

difference model of the soil and solves the resulting inter-dependent differential 

equations using a simple, but effective, iterative method. 

 

In the following paragraphs an overview on the two different approaches of the 

Types is given and subsequently a sensitivity analysis on Type 956 is reported. 

Type 556 

As discussed, the Giardina model uses the ORNL model as a base. The soil grid 

structure and far field temperature calculation were not changed. This section 

contains a short description of the TRNSYS ground heat exchanger model. 

 

The model has the pipe located at the center of a large cylinder of soil. The cylinder 

of soil is then divided into axial sections along the buried pipes length. The heat 

transfer is symmetric about a vertical line passing through the center of the pipe, so 

only half of the cylinder needs to be modeled. Heat flow can travel radially and 

circumferentially, but not in the axial direction. This is a good assumption since in 

the axial direction distances are large and temperature differences are small. Far 

field boundary temperatures are given by the Kusuda relation [24]. The ORNL soil 

property assumptions are used for this model. Figure 4-2 shows the nodal network 

around the pipe for the ORNL model on the right side and a sample grid layout on the 

left one [21]. 

 

The radial and circumferential heat transfers were modeled using the thermal 

resistance approach. Figure 4-3 shows on the right side how the resistances were 

arranged. 
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Figure 4-2: ORNL model for heat transfer around pipe and labelling of nodes for finite 

difference grid [20]. 

 

The energy transfer to and from a fluid node was modeled as shown in the following 

figure on the left side, Figure 4-3, where U(j,k) is the fluid node temperature. 

 

 
Figure 4-3: Resistances from a soil node to surrounding soil nodes and energy diagram of 

fluid node [20]. 

 

The time step chosen for the TRNSYS simulation may not always be adequate for the 

ground heat exchanger model. TRNSYS users may set the simulation time step, 

dtTRNSYS, from minutes to hours. Since the finite difference model must operate at a 

time step below the critical time step, usually in the range of 0.5 minutes to 3 

minutes, the model is designed to run at a user specified time step, DTIME, which is 

always less than or equal dtTRNSYS. 
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Type 952 

This routine models the energy transfer from a liquid-filled cylindrical pipe to the 

soil surrounding it [23]. The energy transfer between the pipe and surrounding 

ground is assumed to be conductive only and moisture effects within the soil are not 

accounted for in the model. The pipe may be insulated or un-insulated. Ground-

surface effects are not modeled by this component; the pipe is instead assumed to 

be buried at a sufficient depth that the ground temperature far from the pipe in all 

directions is governed by depth and time of year. Quite simply, Type 952 models a 

cylindrical pipe that is filled with liquid and which is buried at a uniform depth below 

ground. The liquid in the pipe is modeled as an axial series of isothermal liquid 

nodes. The mass of the liquid nodes is accounted for by the model but the pipe wall 

material and insulation are assumed to be massless. The pipe is assumed to be 

surrounded by soil for which the thermal conductivity, density, and specific heat is 

known. The soil nodes surrounding the pipe are oriented radially as shown in 

following figure Figure 4-4. 

 

 
Figure 4-4: Radial and Axial Noding Scheme for Soil Surrounded the Pipe [23]. 

 

Each soil node exchanges energy by conduction with its adjacent nodes. The sign 

convention for energy transfer with a radial soil node is shown in following figure 

Figure 4-5. 

 

The cylindrical soil volume surrounding the pipe is referred to as the near-field. The 

temperature of nodes in the near-field is affected by energy transferred with the 

pipe. The near-field is in turn surrounded by the far-field, which is assumed to be an 

infinite energy sink/source. 
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Figure 4-5: Sign Convention for Energy Transfer in a Radial Soil Node [23]. 

 

In other words, energy transfer with the far-field does not result in a temperature 

change of the far-field. Temperatures in the far-field are governed only by depth and 

time of year. User-settings govern the size of the soil nodes in Type 952. The user is 

asked to specify the number of fluid nodes and the number of axial soil nodes as 

parameters. This sets the number of nodes in the x-direction for both the pipe and 

for the surrounding soil. Axial nodes do not vary in size and the energy transfer 

beyond the length of the pipes is assumed to be negligible; therefore the axial nodes 

stop at the ends of the pipe. The user is next asked to specify the number of radial 

and circumferential soil nodes that surround the pipe. The number of circumferential 

nodes controls how many soil nodes are in contact with the pipe wall around its 

perimeter; in Figure 4-4 there are eight circumferential nodes. The number of radial 

nodes controls how far away from the pipe wall the radial noding scheme continues; 

there are five radial nodes in Figure 4-4. 

 

4.1.2 Sensitivity analysis of Type 952 

Since the time step of the TRNSYS simulation for the sensitivity analysis at the 

beginning was set at 1.5 minutes it was decided to use Type 952 instead of the Type 

556. 
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The sensitivity analysis has been conducted using the deck presented in the following 

figure, Figure 4-6. An external file supplies to a heat exchanger a temperature 

profile which could be similar to one produced in August by a small thermally driven 

chiller for a residential application. A control signal coming from the input file as 

well switches on and off the pump serving the horizontal geothermal probes. 

 

 
Figure 4-6: Screenshot of the TRNSYS deck for the sensitivity analysis. 

 

A heat exchanger has been installed between the Thermally driven chiller and the 

geothermal probes in order to decouple the volume flows flowing into the two 

components. This action permits to have firstly a constant flow on the chiller side 

and secondly a control on the heat rejection rate through the variable speed of the 

pump. 

 

Results on the sensitivity of the Type 952 are here reported following the array of the 

most parameters required for the simulations, Table 4-3. The entire heat rejection 

rate is calculated in August, [31]. 

 

The length of pipe required depends on the building heating and cooling loads, soil 

conditions, loop configuration, local climate and landscaping. Sizing of the ground 

loop is critical. The more pipe used in the ground collector loop, the greater the 

output of the system. In Figure 4-7 the growing trend is well illustrated keeping all 
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the Type parameters constant together with the volume flow rate delivered by the 

pump. 

 

 
Figure 4-7: Heat rejection rate obtained with different lengths of the buried nodded pipe. 

 

At a fixed delta step on the length of the buried pipe does not correspond a fixed 

increase on the heat rejection rate if the volume flow rate is kept constant. 

Turbulent condition on the pipe has to be respectd if a higher heat rejection rate 

would be achieved. However as the investments and operational costs associated 

with the ground coil typically form 30 to 50 per cent of the total system costs, over 

sizing is uneconomical. 

 

The piping material used affects service life, maintenance costs, pumping energy, 

capital cost and heat pump performance. It is important to use high quality materials 

for buried ground collectors. In indirect systems, high-density polyethylene is most 

commonly used. It is flexible and can be joined by heat fusion. The pipe diameter 

must be large enough to keep the pumping power small, but small enough to cause 

turbulent flow to ensure good heat transfer between the circulating fluid and the 

inside of the pipe wall. Pipe diameters between 20mm and 40mm are usual, [19]. 
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The piping material used affects service life, maintenance costs, pumping energy, 

capital cost and heat pump performance. It is important to use high quality materials 

for buried ground collectors. In indirect systems, high-density polyethylene is most 

commonly used. 

 

The deeper the loop the more stable the ground temperatures and the higher the 

collector efficiency, but the installation costs will go up. Horizontal loops are usually 

installed at a depth of between 1 m and 2 m. The sensitivity analysis was performed 

for a pipe with 400 m length. 

 

 
Figure 4-8: Heat rejection rate obtained with different depths of the buried nodded pipe. 

 

The antifreeze should have good thermal performance. It is also important to make 

proper allowance for any change in properties of water/antifreeze mixtures as the 

loop temperature falls. For instance, below -10°C glycols (especially propylene 

glycol) become markedly more viscous and need greater pumping power, reducing 

overall system efficiency. If the flow ceases to be turbulent energy transfer will be 

significantly reduced. 
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Information on the thermal properties of the ground is needed for determining the 

length of heat exchanger required to meet a given energy load. 

 

Table 4-1: Thermal properties of rocks and heavy soils at 25°C. 

 
 

From Table 4-1 all the parameters related to soil thermal properties such as rocks 

and heavy soil are considered and used within the Type 952 with a length of 400 m 

buried 1.5 m depth. 

 

 
Figure 4-9: Heat rejection rate obtained with pipe buried in different type of rock and 

soil. 
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Most important is the difference between rock and soil, as rocks have significantly 

higher values for thermal conductivity. 

The moisture content of the soil also has a significant effect as dry, loose soil traps 

air and has a lower thermal conductivity than moist, packed soil. 

 

Table 4-2: Thermal conductivity and diffusivity of sand and clay soils [25]. 

 
 

The specific heat of the previous soils can be calculated using the following equation: 

 

ρα
360024 ⋅

=
kcp

  Eq. 4-1 

 

From Table 4-2 and Eq. 4-1 the parameters related to thermal conductivity, 

diffusivity and specific heat of sand and clay soils with a density of 1900 kg/m³ are 

used in order to relate the sensitivity of 400 m length buried 1.5 m depth to the 

moisture content of the soil. 
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Figure 4-10: Hear rejection rate obtained with pipe buried in sand and clay soil with 

different amount of moisture. 

 

In Table 4-3 the main parameters required by Type 952 are summarized and in 

CHAPTER 7 considered for the final comparison between the different heat rejection 

technologies. 

 

Table 4-3: Buried nodded pipe parameters [23]. 
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4.2 Swimming Pool 

The use of an outdoor pool as a heat rejection system is very convenient from an 

economic point of view because it needs only to be connected to a heat exchanger 

without further costly investment. From an energetic point of view a swimming pool 

is even more convenient since the heat is not rejected but recovered. With this 

solution it is possible to avoid a conventional boiler for warming the water of the 

pool up. In practice, the pool acts as a large reservoir of water at a temperature 

lower than the ambient and therefore it can be used as a heat sink. 

 

 
Figure 4-11: Swimming pool in a SolarCombi+ system. 

 

A swimming pool has to be designed very carefully since it needs in summertime a 

comfortable water temperature which lies in a range between 25 and 29°C, [31]. 

4.2.1 Simulation models for swimming pool 

In the literature it is possible to find many studies that discuss the energy transfer 

across an air water interface for large bodies of water, such as a swimming pool. 
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Carrier did a series of measurements on pans and small tanks in wind tunnels. Ryan 

and Harleman introduced a study of transient cooling pond behavior and developed 

an algorithm to simulate the thermal and hydraulic behavior of a cooling pond or 

lake. Wei and Sigworth performed a swimming pool analysis. Smith and Loef made 

measurements on the evaporation losses from an outdoor swimming pool by 

measuring the reduction of pool water volume over time due to evaporation as well 

as measuring evaporation losses from pans floated in the pool. Hahne and Kuebler 

made measurements on two heated outdoor swimming pools. They applied formulas 

for evaporation, radiation, convection, conduction and fresh water supply developed 

by Richter to predict the heat balance of the pools. The result was implemented in a 

TRNSYS subroutine, i.e. Type 144. Nowadays an updated version, i.e. Type 344, is 

available for the simulation of an outdoor or indoor swimming pool. This Type was 

developed by Auer and it is a non-standard TRNSYS model which can be supplied by 

the TRANSSOLAR Company in Stuttgart, Germany [26]. 

Type 344 

In this Type it is assumed that the water in the swimming pool is ideally mixed so 

that the first law of thermodynamics can be expressed as follows: 

 

( )∑ −= outletinlet QQ
dt

dH
     Eq. 4-2 

 

Where the term on the left represents the variation of the enthalpy over time and 

the term on the left represents the algebraic sum of incoming and outgoing powers. 

 

It can also be assumed that a liquid is incompressible and that density and thermal 

conductivity are constants. Eq. 4-2 can then be expressed as follows: 

 

( )∑ −=⎟
⎠
⎞

⎜
⎝
⎛

outletinletpoolwaterpwater QQ
dt
dTVc ,ρ    Eq. 4-3 
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When drawing up the model, it was further assumed that there is a constant amount 

of water in the pool. 

 

The following figure shows a schematic view of all heat flow rates: 

 

 
Figure 4-12: Heat and mass flow rate of a poll in exchange with the ambient. 

 

The heat exchange with the surroundings includes the following: 

 

• Heat flow rate by evaporation due to the mass flow rate of the water loss by 

evaporation, i.e. mevap; 

• Heat flow rate by convection, i.e. Qcon; 

• Heat flow rate by short-wave radiation due to the solar radiation on horizontal 

surface, i.e. EGlob,H; 

• Heat flow rate by long-wave radiation, Qrad; 

• Heat loss by fresh water supply due to the mass flow rate of the fresh water, 

mfresh water, having a temperature, Tfresh water; 

• Heat flow rate from heating, Qheat; 

• Thermal conduction to the ground, Qcond; 
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The heat flow rate to the ground is negligible for this assessment. Indoor pools are 

normally surrounded by engineering rooms in the basement with ambient 

temperatures generally higher than 30°C so that the heat flow rate is virtually zero. 

For outdoor pools this aspect may be ignored, because, on the one hand it has only a 

minor influence on the overall energy assessment (<1 %) and on the other, because it 

cannot be calculated accurately. 

4.2.2 Sensitivity analysis of Type 344 

The sensitivity analysis has been conducted using the deck presented in the following 

figure, Figure 4-13. An external file supplies to a heat exchanger a temperature 

profile which could be similar to one produced in August by a small Thermally driven 

chiller for a residential application. A control signal coming as well from the input 

file switches on and off the pump serving the swimming pools. A weather data 

processor creates required parameters such as dry bulb temperature, relative 

humidity, sky temperature, wind velocity and total solar radiation in Naples. 

 

 
Figure 4-13: Dimensions of the investigated swimming pools together with the screenshot 

of the TRNSYS deck for the sensitivity analysis. 

 

For a better comparison it was decided to simulate within the same TRNSYS deck two 

different swimming pools having the same boundary conditions and changing only the 
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dimensions, i.e. surface and volume. The results are shown in Figure 4-14 where the 

profiles of the water temperature within the pools together with the heat transfer 

rate from the pools to the ambient are plotted. 

 

 
Figure 4-14: Temperatures and heat rejection rate for the two swimming pools. 

 

In both the two cases the water temperature profile lays in the whole month of 

August in an acceptable temperature range. 

 



CHAPTER 5 Reference Building and Distribution 
 

    
 67  

CHAPTER 5 

Reference Building and Distribution 

In this chapter the reference building is defined together with its matching with the 

heating and cooling system. The definition includes architectural design and 

orientation as well as the constructive descriptions of all building elements, i.e. 

walls, floors, windows and roof. The building has been modelled within a subroutine 

program of TRNSYS called TRNBuild. 

5.1 Architectural Design 

The reference object is a free-standing, two storey single family building, Figure 5-1. 

The effective floor area on one storey, including the areas covered by the internal 

walls and the access areas, is 82 m². Thus, the whole living area amounts at 164 m². 

Each floor height is 2.5 m. 

 
Figure 5-1: Sketch of the single-family house. 
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Figure 5-1 displays the geometry and dimensions of the residential building. The 

resulting areas and volumes are summarized in Table 5-1. 

 

Table 5-1: Areas and volumes of the reference building. 

 
 

The glazed area on the south façades amounts to 48 % of the total façade area, 14 % 

on the east and west façades and 21 % on the north façade. Both storeys are 

simulated as one common thermal zone. 

5.2 Façade Structure 

5.2.1 Wall construction 

The construction of the building envelope, i.e. external and internal walls, roof and 

floor slab between ground floor and first floor and windows, with various materials, 

layer thicknesses and energy performance data describing the reference building is 

listed in the following paragraphs. 

Ground 

Ground structure and layer thickness are realized following the UNI EN 1264-4 norms. 

When a radiant floor is installed for the space heating and cooling an insulation panel 

has to be installed below the piping. Its thickness has to be chosen in order to 

respect the requirements reported in the following table. 

 

Table 5-2 is referred to an insulation material with a thermal conductivity of 0.025 

W/m-K. Within the reference building an insulation material, i.e. cork, with a 
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thermal conductivity of 0.022 W/m-K has been selected. Cork has the nearest 

thermal conductivity to that presented within the table and available in the 

TRNBuild. 

 

In the modelled building the ground floor belongs to the second category presented 

within the table and for this reason it should have a thickness more than 31 mm. 

 

Table 5-2: Insulation thickness suggested for an insulation material with thermal 

conductivity of 0.025W/m-K [27]. 

 
 

Ground floor sandwiches with materials and features are listed in Table 5-3. 

 

Table 5-3: Construction of ground floor of the single family house. 
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External walls 

Materials and features of external walls are listed in Table 5-4. 

Table 5-4: Construction of external walls of the single family house. 

 

Internal Walls 

Materials and features of internal walls are listed in Table 5-5. 

Table 5-5: Construction of internal walls of the single family house. 
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Roof 

Materials and features of roof are listed in Table 5-6 

Table 5-6: Construction of the roof of the single family house. 

 

Floor 

Floor divides ground floor from the first floor. Referring to the Table 5-2, the first 

floor belongs to the first category and then the material and properties of the 

insulation panel can be the same used at the ground level. Materials and thickness 

are summarized in Table 5-7. 

Table 5-7: Construction of internal roof of the single family house. 
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5.2.2 Windows 

The same type is used for all the windows. The relevant data are summarized in 

Table 5-8. 

Table 5-8: Thermal properties of windows for the single family house. 

 

5.3 Internal Gains 

In the building model only inhabitants gains are considered. In the case of full 

occupancy 3.3 people are present simultaneously in the reference building. This 

value is based on a mean value from several building-objects evaluated during an 

Austrian study. No distinction is made between weekdays and weekend. Numerical 

values for the overall occupancy profile are displayed in Figure 5-2 [28]. 

 

 
Figure 5-2: Occupancy profile for each day of the week within the reference building. 
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In TRBuild occupancy is daily scheduled in three time zones as shown in Table 5-9 

 

Table 5-9: Daily occupancy scheduling for residential building. 

 
 

The heat dissipation to the surroundings is assumed to be 100 Watt per person. This 

value is in accordance with the ISO 7730 [ISO 7730] standard and is based on the 

following scenario: 

 

Degree of activity : seated at rest 

• Sensible heat: 60 W/person 

o Convective gains: 40 W/person 

o Radiant gains: 20 W/person 

• Latent heat: 40 W/person 

o Humidity: 0.059 kg/hr person 

The average internal gains through inhabitants are about 145 W or 1.04 W per square 

meter net area of the building. 

5.4 Radiant Heating Floor 

The distribution of heat and cold in the single family house is made by radiant 

heating floor. Inlet flow of hot water produced by the heat generator circulates into 

the pipe loops drowned in the screed. One heating loop is needed for each floor, 

distribution collectors provide to divide the flow entering the pipes in equal parts to 

them. Figure 5-3 shows a simplified configuration of heating pipes. 

 

The sizing of pipes, i.e. diameter and centre to centre distance, is presented in these 

paragraphs. 
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Figure 5-3: Pipes loop of radiant floor 

 

In the reference building, the cooling effect is produced with the same distribution 

system, but the sizing is based only on the heating use of the radiant floor. 

5.4.1 Heating load 

A building model with the same features as the reference one is used in order to 

evaluate the maximum value of the heating load. The house is located in Milan, with 

a set temperature of 22°C for each floor. 

 

 
Figure 5-4: Milan sensible heating and cooling loads. 
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The peak power value obtained is ca. 4200 W, equivalent to ca. 26 W/m². 

5.4.2 Loop sizing 

In Table 5-10 the heat capacity distributed by the radiant heating floor in term of 

Watts per square meter can be achieved with different conditions. The inlet flow 

temperature, centre to centre distances between pipes and thermal resistance of the 

floor are the parameters to be define in order to get the wanted heating capacity of 

the radiant floor. It has to keep in mind that a difference temperature of 5°C 

between inlet and outlet flows is obtained in all the tabulated cases. 

 

For the studied building a peak load for the heating of 26 W/m² was calculated and 

with a resistance of 0.06 m²-K/W an inlet water maximum temperature of 35°C has 

to be respected in order to have 22°C indoor temperature in each floor. 

 

Table 5-10: Choose of pipe spacing. 

 
 

The required mass flow rate has been calculated with Eq. 5-1 considering a ∆T of 5°C 

between inlet and outlet temperature. 

 

Tc
Pm

p ∆⋅
=&    Eq. 5-1 

 

where P is the peak heating power to be distributed. 
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The resulted value is 1300 kg/h and this mass flow rate has to be equally divided in 

two loops, i.e. one for each floor. Thus the effective mass flow rate entering the two 

separately loops is 650 kg/h. With a diameter of 20 mm the maximum speed of the 

flow has a value of 0.58 m/s. This velocity is accepted from most of the 

manufacturer. 

 

Since the mass flow rate for the Rotartica sorption chiller has an imposed value of 

1500 kg/h, the speed into the pipes is 0.66 m/s, a bit higher than that acceptable. 

 

Within TRNBuild, the heat loops are created by adding an Active Layer in the layer 

type manager as shown in Figure 5-5. Displayed values summarize the features of the 

pipes previously sized. 

 
Figure 5-5: Definition of active layer in TRNBuild Layer type Manager. 

Active layer is put into the ground wall type and in the internal floor type, see 

paragraph 5.2.1. The EMPA utility in TRNBuild automatically divides the loop in 

segments. 

 
Figure 5-6: Auto segmentation with EMPA utility. 
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As shown in Figure 5-6 a minimum flow rate is necessary to permit the simulation. 

5.5 Building Model and Weather Data 

External data are required and provided to the building by the TRNSYS weather data 

processor, i.e. Type 15-6. This Type allows changing location and walls orientation 

without restraint. 

 

The building model needs the creation of one surface for each wall orientation within 

the Type. The roof is considered as a horizontal surface and it does not need a 

specific surface. The parameters of the building are summarized in Table 5-11. The 

surfaces are oriented as shown in Figure 5-1. 

 

Table 5-11: Wall orientations. 

 
 

The climatic conditions, i.e. outdoor temperature, relative humidity, irradiation data 

and sky temperature, are read from the weather data too. 

5.6 Building Model and Distribution System 

The development of a simple and efficient working strategy is necessary to keep 

indoor conditions into a comfortable range. Radiant floor permits to satisfy only 

sensible heating and cooling load, no dehumidification system and latent loads are 

considered, so the comfort in the building is evaluated only in terms of indoor 
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temperature. Figure 5-7 shows how the whole system works: building is integrant 

part of SolarCombi+ system and both they are influenced by weather conditions. 

 

Logic devices keep the indoor temperature monitored and regulate the working 

parameters in order to maintain comfortable conditions into the house. Indoor 

temperature plays simultaneously in the regulation strategy the rule of the head and 

of the slave. 

 

 
Figure 5-7: Interaction between components 

 

In Figure 5-8 the TRNSYS platform displays how the building has been connected with 

the hydraulic system in order to covers the heating and cooling loads of the dwelling. 

 

 
Figure 5-8: Building circuit. 



CHAPTER 5 Reference Building and Distribution 
 

    
 79  

Valve “H/C” diverts the flow coming from the storage into the two loops, i.e. space 

heating and Thermally driven chiller charging loop. If the valve receives an input 

signal the flow is sent directly into the house, i.e. heating mode. In the other way 

around when input signal turns back the valve diverts the flow into the chiller hot 

water circuit. 

 

Valve “H/C_1” diverts the water coming from the building into the chilled water 

circuit of the chiller or into the hot storage. In both the two modes, i.e. heating and 

cooling, flow goes into the house passing through the same variable speed pump, 

“PCH”. This solution permits to use only one pump for both the two purposes and 

thus economical savings together with a constructive simplicity is obtained. The two 

valves receive the same input signal which is produced within a logical controller. 

 

Pump “PCH” is controlled with an input signal elaborated within a logic controller 

too and has three possible volume flows. The maximum flow rate of the pump, i.e. 

1500 kg/h is set when the chiller is running while an half of the maximum flow rate 

when the heating is needed. Finally the pump runs at the 10% of its maximum flow 

rate when in the winter season it has to guarantee a recirculation. The latter mass 

flow rate is required by the EMPA active layer model. 
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CHAPTER 6 

Reference SolarCombi+ System 

The European project “SolarCombi+” started modelling a system based on a 

configuration where the auxiliary boiler has been installed downward the storage 

buffer. This configuration is the only permitted by Spanish laws since the Codigo 

Tecnico de Edificacion, [30], regulates the minimum solar thermal energy 

contribution to the Domestic Hot Water preparation. This solution has been widely 

presented in literature [29]. 

 

Despite the Spanish rule, in all the rest of Europe another configuration is preferred 

by the installer, Figure 6-1. For this reason within the EU project another solution 

has been studied. The main feature of such displacement is the direct connection of 

the auxiliary boiler within the storage buffer. Furthermore this solution required a 

less number of valves installed around the storage buffer and thus the complexity of 

the control strategy and the installation costs are reduced. 

 

 
Figure 6-1: Reference SolarCombi+ system. 
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Since one of the aims of this PHD thesis is the matching between building and system 

model, a new deck has been realized starting from the most used hydraulic scheme 

studied in “SolarCombi+” project. 

 

 
Figure 6-2: Deck overview. 

 

The complexity of the merging process of the two models required the development 

of a new control strategy too. Figure 6-3 summarizes how the new system is 

controlled. The indoor temperature is monitored by three controllers, i.e. “CoolON”, 

“HeatON” and “BoilerON” that send their I/O outputs to a logic equation. All the 

components needed to the regulation of the system are controlled by the signals of 

these three devices, [33]. 

 

 
Figure 6-3: Summarizing scheme of the new logic controls [33]. 
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In this chapter a view of the entire system, Figure 6-2, connected with the building is 

presented together with the control strategy. The heating and cooling set points 

have been subsequently treated and finally a sensitivity analysis of the complete new 

model “building-system” has been performed and here reported. 

6.1 Entire System Modelling and Control Strategy 

6.1.1 Primary and secondary solar loops 

The primary solar loop is the collector circuit of this system and it is simulated using 

the evacuated tube collector, the variable pump PS1 and the heat exchanger solar-

HX, see Figure 6-4. The secondary solar loop is the storage circuit and it is simulated 

using the solar-HX, the variable pump PS2 and the storage. The solar flow rate of the 

secondary loop always goes into the solar storage. The outlet is located at the 

bottom of the storage while the inlet is configured for stratified charging mode. The 

flow rate in the primary loop is a solution of water and glycol to order to increase the 

temperature range, i.e. from -20°C to 250°C. In the secondary loop for economical 

reasons the fluid is pure water [32]. 

 

 
Figure 6-4: Primary and secondary solar loops. 

 



CHAPTER 6 Reference SolarCombi+ System 
 

    
 83  

The variable speed pumps PS1 and PS2 are controlled by the same signal, “SolPSig”. 

This signal switches on and off the pumps and its value depends on the solar 

radiation rate and on the difference of temperature between the outlet of the 

collector and the bottom of the heat storage as well. 

With a low solar radiation rate, i.e. less than 150 W/m², the control signal stops the 

pumps. Otherwise, if the horizontal solar radiation rate is between 150 and 810 

W/m², the pumps can work between 18% and 100% of their nominal power. Over the 

812 W/m² the pumps can work at the maximum power. 

A temperature difference has to be reached simultaneously with the previous solar 

radiation rate condition. With a difference higher than 7°C the pumps can start to 

work, i.e. on = 1, and with a temperature difference less than 1°C the signal 

switches off the pumps, i.e. off = 0. 

 

 
Figure 6-5: Temperature difference hysteresis loop for the PS1, PS2 pumps  

 

This control signal takes into consideration a hysteresis loop in order to prevent an 

on/off oscillation around one temperature difference value, Figure 6-5. 

 

Finally system damage can occur when the temperature within the secondary solar 

loop exceeds 96°C. For this reason the temperature at the top of the storage is 

monitored and a control signal can be sent in order to turn the two pumps off. This 

strategy allows increasing the temperature only within the solar collectors where a 

stagnation condition can be not often achieved. During the simulation studies 

attention has been focused on the amount of hour when a stagnation condition 

happens. 
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6.1.2 Storage management 

The storage of the system in Figure 6-6 represents the heart of this configuration. 

The two heat sources, i.e. solar circuit and auxiliary boiler, and three loads, i.e. 

domestic hot water preparation, heating and cooling purposes, are directly 

connected to it. The height of the double ports in charging and discharging mode is 

automatically decided by the temperature of the media in order to promote as much 

as possible the stratification within the multi-port storage, Type 340, [35]. 

 

This device uses four double ports: 

• Solar circuit ports: the inlet temperature is higher than the outlet one (charging 

mode).These ports are used by solar loops, in order to pick flow at low 

temperature from the bottom of the store. Returning from the collectors, the 

flow enters the store in a port near the top; 

• Heating circuit ports: the outlet flow goes to the boiler and returns at an higher 

temperature (charging mode); 

• Loads ports: chiller and heating distribution pick hot water near the top of the 

store and return it charging the buffer from the bottom (discharging mode); 

• DHW preparation ports: work as loads ports (discharging mode). 

 

 
Figure 6-6: Storage management. 
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The temperature inside the storage is monitored by sensors located at several fixed 

heights: 

 

• Sensor 1 placed at the top and represents the maximum temperature in the 

storage; 

• Sensor 2 placed at 90% of the store height; 

• Sensor 3 placed at 70% of the store height; 

• Sensor 4 placed at 40% of the store height; 

• Sensor 5 placed at the bottom of the store. 

 

For storage of 2 m³ volume a height of 2.3 m has been considered. 

6.1.3 Boiler control 

The boiler loop in Figure 6-7 consists of a pump “PB” and a boiler that keeps the 

upper part of storage at a certain temperature level. The boiler is switched on in the 

case the temperature monitored by sensor located at the 70% of the total height is 

not enough to guarantee a proper working condition, [32]. 

 

The pump and the boiler are controlled by a signal. This device works in order to 

keep the temperature within the upper part of the storage buffer at 50°C in winter 

and 77.5°C in summertime. 

 
Figure 6-7: Boiler loop. 
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The two different temperature levels at which the storage has to be kept is related 

to the temperature required by the loads. In wintertime space heating, i.e. radiant 

floor at 40°C, and domestic hot water preparation, i.e. 45°C, can be guaranteed 

with a temperature level higher than 50°C. In summertime the thermally driven 

chiller needs a minimum temperature of 75°C at the generator side. 

 

Finally a set temperature for the auxiliary heater is controlled too and imposed the 

outlet water temperature. When the indoor temperature of the house exceeds 27°C 

in summertime then the heater is switched on with an outlet temperature of 95°C. 

This temperature allows the chiller to work in the optimum working condition from 

the generator side. 

6.1.4 Load circuit 

The mass flow rate directed to the chiller or to the radiant floor goes out from the 

second port of the storage buffer. 

 

 
Figure 6-8: Load circuit. 

 

In order to reach a desired set temperature a tempering valve, i.e. Type 11b, is 

placed immediately after the storage buffer, Figure 6-9, and mixes the supplied flow 

with the returning one from the loads. The set temperature value comes from a 

“logic controller” which calculates the proper value to guarantee the internal 

comfort. 
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Figure 6-9: Tempering valve operating modes [33]. 

 

Temperature set point of the valve is calculated within the logic controller, and 

expressed by: 

 

rSign,0)eql(ChilleEQ,0)eql(HEAT_R1)(T_retnChillerSig95
HEAT_REQ)(T_ext),350.5-max(35__

⋅⋅++⋅+
+⋅⋅=VALVESETT

 Eq. 6-1 

 

Where: 

 

• T_ext is the outdoor temperature; 

• HEAT_REQ is the heating request signal; 

• ChillerSign is the chiller on/off signal; 

• T_ret is the outlet flow temperature from the building and is increased with 1°C 

for a better stability of the Type 11b. 

 

The signal is calculated in order to allow three different way of working of the valve. 

When heating is needed the set point is the calculated with the climatic curve 

treated more in details within the paragraph 6.2.1. When the chiller is on the set 

point is 95°C and the valve works in order to maintain the temperature below this 

maximum value accepted by the chiller. When nor space heating or cooling are 

necessary than the valve receive an off signal.  

 

After the mixing valve the flow can be switched by the diverter “H/C” in two 

different ways, i.e. Space Heating or Cooling. A signal coming from the logic 
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controller manages this diverter. When the Thermally driven chiller is off then the all 

the mass flow rate goes into the heating distribution system. In the other way around 

when the chiller is on all the mass flow rate runs into the chiller hot water circuit. 

Flow returning from heating distribution or from chiller hot water circuit is collected 

by a tee piece before passing the tempering valve and coming back to the storage. 

6.1.5 Loops connected with the thermally driven chiller 

The thermally driven chiller is regulated by three temperature levels, i.e. hot, chill 

and cold and thus three different loops has to be considered for the regulation of this 

component. 

 

Base of the control strategy is the method of the characteristic equation. A simple 

model yields the cooling capacity of an absorption chiller as function of the so-called 

characteristic temperature function ∆∆t. The function puts in relation the 

temperatures of the three external water circuits. 

According to this equation, cooling capacity does not change, if the characteristic 

temperature function remains constant. From a characteristic temperature function 

within the chiller Type follows immediately how changes of one external 

temperature can be compensated by control of the other external temperatures. 

That means for example a higher driving temperature can be compensated by 

increasing the cooling temperature without a change in the chilled water 

temperature [36]. 

 

All the pumps surrounding the chiller are controlled by the same control signal, 

“ChillerSig”. This signal switches on the pumps when cooling demand is required by 

the application. 
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Figure 6-10: The three loops around the thermally driven chiller. 

 

The last condition to be satisfied for the start of the chiller is the temperature within 

the storage buffer which has to be more than 75°C. 

Hot water loop 

The flow rate for the cooling circuit arrives from the first outlet of the “H/C” 

diverter, see Figure 6-8. The temperature of the inlet hot water is kept controlled by 

the tempering valve in order to not exceed 95°C. 

Chilled water loop 

The cooling demand is coupled with the simulation study under the assumption that 

the chilled water always goes into the building at 16°C. The water enters into the 

chiller and it is cooled down to the necessary temperature. This approach is selected 

to avoid very low temperatures in the radiant floor loops and thus preventing 

condensation phenomena on the floor. 

Cold water loop 

A scheme of the new developed control strategy is showed in Figure 6-11 and this 

strategy has been implemented at TU Berlin University. In this strategy driving 

temperature can rise as high as the chiller control allows and thus high irradiation 

can be used and no driving energy is wasted. Cooling water temperature is not kept 

constant but it is used as a control parameter [34]. 
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Figure 6-11: Control strategy for the cold water entering the chiller. 

 

A standard feedback iterative controller in a closed loop is used to control the fan 

frequency to provide this temperature. Via a frequency converter the speed of the 

cooling tower fan is set according to the output of the controller. 

Summing up, this control strategy can manage unsteady driving temperatures. The 

cooling water inlet temperature is adapted to hold chilled water temperature 

constant, [34]. 

6.1.6 Domestic hot water preparation 

The heart of the DHW circuit is the Type 805, see Figure 6-12. In this Type the 

primary side flow rate is calculated iteratively until the set point temperature on the 

secondary side at a given draw-off flow rate or the maximum flow rate on the 

primary side is reached. 
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Figure 6-12: DHW preparation circuit. 

 

Domestic hot water load profile is stored in a data-file calculated with the program 

from Jordan and Vajen [37]. 

 

 
Figure 6-13: Tool for DHW profile generation. 

 

The load files are based on a time step of 15 minutes and a daily hot water 

consumption of 200 litres per day. The daily and weekly DHW profile for a single 

family house has been produced taking the default parameters. The set temperature 

for hot water preparation is 50°C. 
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6.2 Heating and Cooling Set Points 

System has been managed in order to keep the indoor temperature into a 

comfortable range. Heating and cooling set points are the upper and lower bands of 

allowed temperatures. 

6.2.1 Heating set points 

The controls of the space heating are set in a way that the indoor temperature is 

kept around 21°C and never drops below 19°C during daytime, i.e. from 7:00 to 

22:00. In the nigh time a lower temperature is accepted and is around 17°C. 

 

The “climatic regulation” of the radiant floor has been preferred to the “fixed point” 

one since it reaches the best efficiency and the greatest energy saving [27]. Since 

the heating load of building is strongly influenced by the thermal losses and the 

outdoor temperature the climatic regulation allows choosing a climatic curve within 

a family of curves so the regulation is adapted to the specific building. Fixing the 

climatic curve the inlet flow temperature is automatically selected as a function of 

the outdoor temperature. Regulation of inlet flow temperature is obtained with 

mixing valve. 

 

The climatic curve displays the relationship between the outdoor temperature and 

the inlet flow temperature into the radiant floor. 

In order to size the curve properly two parameters are needed: 

 

• Design minimum temperature, e.g. -5°C for Milan; 

• Maximum inlet flow temperature into the radiant floor, e.g. 35°C. 

 

From these two parameters two lines start from the x-y axis and the interception 

finds the proper climatic curve, Figure 6-14. 
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Figure 6-14: Climatic regulation curve for different building [27]. 

 

In the reference case it has been found the curve and it is expressed by: 

 

outdoorfloorradiantIN TT ⋅−= 6.035,    Eq. 6-2 

 

Where the value 0.6 has been red in Figure 6-14. 

 

Applying the climatic regulation curve within the control strategy the temperature in 

the building is well kept within the comfort range avoiding a continuously switching 

on/off of the alimentation pump. Figure 6-15 shows a typical profile of the room 

temperature, blue line, obtained with climatic regulation strategy. 

 

 
Figure 6-15: Winter indoor temperature profile during two days in February. 
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The green and the brown lines represent the set points for the heating period. It is 

visible how the profile is constant and regular during the daytime. This profile is the 

result of a regular variation of the inlet flow temperature with the law expressed in 

Eq. 6-2. 

6.2.2 Cooling set points 

Unfortunately a “climatic regulation” of the radiant floor for the space cooling is not 

developed by manufacturers and thus not used by installers. When the indoor 

temperature exceeds 26°C the chiller is activated till the indoor temperature is more 

than 25°C. The aim of this control strategy is to maintain the indoor temperature 

around 26°C as much as possible during the cooling period. 

 

The indoor comfort is strongly influenced by the Thermally driven chiller 

performance which depends on the three temperature levels, i.e. heat, cold and 

chill. It has to keep in mind that the minimum temperature of the water entering 

into the floor pipes is fixed at 16°C. Furthermore when the indoor temperature goes 

over 27°C then the boiler is switched on in order deliver to the storage buffer water 

temperature at 95°C the maximum temperature level accepted by the hot side of 

the chiller. 

6.3 Sensitivity Analysis 

In this section a sensitivity analysis of the entire system where residential application 

interacts directly with SolarCombi+ system is presented. Before an analysis can be 

performed several performance figures has to be taken into consideration. The 

selected figures are important parameters to be used for the optimisation of the 

control strategy and sizing of the main components. 

6.3.1 Base case 

The “base case” has a collector area of 40 m2 with a storage volume of 2 m³, placed 

in Milan. The strategy adopted has been well explained in the previous paragraph. 
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Figure 6-16 displays the profile of the temperature inside the building in a yearly 

simulation. The two horizontal lines represents the limits of comfort for the 

occupancies, 17°C in heating period and 26°C in cooling period. 

 

 
Figure 6-16: Indoor temperature yearly profile for the reference system. 

 

The aim of the strategy is to have a temperature always within this band. During the 

heating period the profile lay in a good range while in the cooling period indoor 

temperatures often reaches 27°C which can be still acceptable. However it has to 

keep in mind that the chosen distribution system is not the most indicate for cooling 

application. 

6.3.2 Performance Figures 

The aim of the following steps is how to evaluate the influence of the main 

components of the system from the overall performance point of view. The attention 

has been focused on some energetic and environmental parameters such as [38]: 

 

• Solar fraction; 

• Primary Energy Savings; 

• Annual Reduction of CO2 emissions; 
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• Electric efficiency of total system. 

 

Although the stagnation time can not be considered as a performance figure it has 

been observed during all the simulations. It represents the number of hours when the 

solar collectors achieve stagnation condition, i.e. inside temperature more than 

180°C. A stagnation time less than 100 hours per year are desired and well supported 

by certified solar collectors. 

 

In the following paragraphs a description of performance figures is shortly presented. 

Solar fraction 

Solar Fraction, i.e. SF, for heating, cooling and domestic hot water preparation 

represents how much solar energy has been concurred in covering the considered 

energy load. It is calculated as follows: 
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Where: 

 

• Qaux,cool is the energy produced by auxiliary heater to drive the Thermally driven 

chiller within SolarCombi+ system [kWh]; 

• Qchiller,tot is the total energy required to drive the Thermally driven chiller [kWh]; 

Primary energy savings 

The PEsavings is the amount of Primary Energy, electric and fossil, saved. Higher is this 

value and more the system is performing in terms of renewable energy and hence 

environmental sustainability. As described mathematically below, to define this 

index is necessary to evaluate the primary energy consumption of a SolarCombi+ 

system and a conventional one: 

 

[ ]PEtyEelectricifossilsave kWhPPEPE ∆+∆=    Eq. 6-7 
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Where: 

 

• ηboiler is the efficiency of the auxiliary boiler, 0.9 [-]; 

• Qheat,fossil,reference is the sum of the heat demand for space heating and Domestic 

Hot Water preparation in the conventional system [kWh]; 

• Qaux,tot is the energy produced by auxiliary heater within SolarCombi+ system 

[kWh]; 

• Cconversionfossil, Cconversionelec are the primary energy conversion factors for heat and 

electricity from fossil fuel, 0.95 kWhheat,fossil/kWhPE and 0.5 kWhelec,fossil/kWhPE 

 

And 

 

chillerrefelBoilerrefeltotrefel PPP ,,,,,, +=       Eq. 6-12 

BoilerelSCTelchillerelHRBCtotSCel PPPPPPPP ,2/1,,,. ++++++=+   Eq. 6-13 

 

Are the electricity consumption from both the two systems, SolarCombi+ and 

conventional. 

Electric efficiency of total system 

The electric efficiency represents the ratio between the total amount of heating and 

cooling energy production and the electricity needed for this production. 

 

Electric efficiency of total system ηel, total is given by: 
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Where: 

 

• PC is the electricity consumed by pump serving the feeding of the Thermally 

driven chiller [kWh]; 

• PHR is the electricity consumed by pump serving the heat rejection loop [kWh]; 

• Pel,Chiller is the electricity consumed by the chiller [kWh]; 

• Pel,CT is the electric power of fan cooling tower [kWh]; 

• PS1/2 is the electricity consumed by pumps serving the two solar loops [kWh]; 

• Pel,Boiler is the electricity consumed by boiler [kWh]; 

• PDHW is the electricity consumed by the pump serving the domestic hot water loop 

[kWh]; 

• PB is the electricity consumed by pump serving the boiler [kWh]; 

• Pel,ref,chiller could be the electric consumption if a reference compression chiller 

would be installed [kWh]. 

Annual reduction of CO2 emissions 

The CO2,save is the annual reduction of CO2 emissions. As described mathematically 

below to define this index is necessary to evaluate the different amount of primary 

energy consumption in both the two systems: 
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∆PE
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∆PE

    =  CO
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22
,2 +      Eq. 6-15 

 

With: 

 

• CO2conversion,heat,fossil is the emission rate for production of fossil fuels, 0.25 

[kgCO2/kWhPE]; 

• CO2conversion,conventional,elec is the emission rate for production of conventional 

electricity, 0.5 [kgCO2/kWhPE]. 
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6.3.3 Different Control Strategies 

The Figure 6-17 shows the yearly profile of the indoor temperature. In order to find a 

solution that optimizes the indoor comfort two different control strategies are 

proposed. 

Cooling without time scheduling 

The first study has the aim to investigate how much the working hours of the chiller 

during night time in the cooling season affects the primary energy consumption. With 

this goal the string “TIME” in the logic controller which is responsible to force the 

Thermally driven chiller to work just in daytime has been cancelled. 

 

Since the chiller is switched on during the 24 hours whenever the indoor temperature 

overcome 27°C and off when the temperature goes down 26°C the expectation is a 

better temperature profile in the building. Despite a better comfort this strategy 

should increase the primary energy consumption due to the not simultaneously 

cooling demand and solar radiation availability in the night time. 

Simulation is done with 40 m2 of collectors’ area and 2 m3 of storage volume. In F the 

yearly room temperature profile. 

 

 
Figure 6-17: Indoor temperature yearly profile for the system without time scheduling. 
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A comparison between the two strategies is displayed in the figure: 

 

 
Figure 6-18: Comparison of indoor temperature in cooling period for strategy with and 

without time scheduling [33]. 

 

On the left side of Figure 6-18 the profile with time scheduling is shown while on the 

right one the new profile. As the expectation the new strategy guides to a better 

result in terms of comfort avoiding higher temperature during night time. Beside the 

indoor comfort the performance figures has been taken into consideration too. In 

order to evaluate if this solution is convenient also from the economically and 

energetically point of view in Table 6-1 all the figures are reported. 

 

Table 6-1: Relevant indices for different strategies. 

 
 

In Figure 6-19 the graph underlines that a longer use of the Thermally driven chiller 

can be obtained without increasing the environmental impact of the system. 

 



CHAPTER 6 Reference SolarCombi+ System 
 

    
 102  

 
Figure 6-19: Comparison of indices with different strategies. 

 

The primary energy saving is more or less the same and this result indicates that a 

longer operating time of the chiller is not related with a longer operating time of the 

auxiliary boiler. A better use of the solar heat source within the storage buffer can 

be the reason of such system response. In conclusion the strategy proposed should be 

introduced within the “base case”. 

Cooling without boiler 

The second study has the aim to investigate if the solar source has enough power to 

drive the chiller without the help of the auxiliary boiler. The control strategy within 

the “base case” imposes two different set points for the heating and the cooling 

season. In wintertime the boiler feed the storage buffer with water at 55°C while in 

summertime at 95°C. The new control strategy forces the boiler to produce water at 

55°C for all along the year. 

 

Figure 6-20 shows the indoor temperature yearly profile obtained with the new set 

point. Simulation has been performed with a collector are of 40 m² and a storage 

volume of 2 m³. 
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Figure 6-20: Indoor temperature profile without auxiliary boiler in cooling season [33]. 

 

The result clearly shows that with this set point within the dwelling a discomfort is 

obtained during all the summer period. This control strategy can not be implemented 

in a SolarCombi+ system. 

6.3.4 Different Collectors and Storage Sizing 

In the following paragraphs the process of collector areas and storage volumes sizing 

is presented. The sensitivity analysis has the target to find the combination that 

optimizes the performances of the system. 

Solar collectors field 

A first design parameter under investigation is the influence of the collector area on 

the overall performances. For this reason two different sizes of collector filed, i.e. 

35 m² and 45 m², are compared with the “base case” having 40 m². In Table 6-2 the 

results are listed. 
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Table 6-2: Performance figures for several collector areas. 

 
 

Although the stagnation time has acceptable value in all the three cases the solution 

with the greater collector area presents the best results. A collector area increasing 

of 12.5% reflects on an increasing of total solar fraction and relative PE saved 

respectively with 11.8% and 48.8%. 

 

 
Figure 6-21: Performance figures for different collector areas. 

 

6.3.5 Storage buffer volume 

Starting from the best collectors area obtained in the previous step, i.e. 45 m², other 

two simulations has been performed changing the storage volume. In Table 6-3 the 

results are summarized. 
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Table 6-3: Performance figures for several storage volumes. 

 
 

From Figure 6-22 solar fraction, electric efficiency and relative primary energy seem 

not to be highly influenced by the volume storage size. With an increment of 25% of 

the volume a lower growth in terms of performance figures has been registered. 

Solar fraction increases around 3% and relative primary energy around 8%. 

 

 
Figure 6-22: Performance figures for different storage volumes. 

 

The previous results suggest using a storage volume of 2.5 m³ in order to exploit a 

better performance than that obtained in the “base case”. 
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CHAPTER 7 

Performance Analysis 

The entire SolarCombi+ model presented within the previous chapters has been used 

to perform studies on SolarCombi+ system. The results coming out from an intensive 

simulation activity are reported in this chapter . 

 

The main aim of the study is the comparison of different SolarCombi+ systems where 

the heat of the Thermally Driven Chiller to be rejected is performed by different 

components. As previously presented and widely discussed in the first part of this 

thesis the following components have been integrated within SolarCombi+ model: 

 

• Dry air Cooler, DC; 

• Hybrid solution where a dry air Cooler is coupled with a fogging device, HC; 

• Wet Cooling tower, WC; 

• Horizontal Geothermal Probes, HGP; 

• Swimming Pool, SP. 

 

The simulation results would show how much the heat rejection components 

influence the performance of the system. Part of the analysis has been conducted in 

Rome too. 

 

Investment and operating costs related to a SolarCombi+ plant has been presented 

and then used in order to investigate the economic of this technology. A cost per 

primary energy is the first output from the investigation in this chapter presented. 

 

Finally a hypothetical government subsidy program has been proposed in order to 

bring SolarCombi+ technology attractive for the market not only from the energetic 

and environmental point of view but from the economical one too. 
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7.1 Energetic and Environment results 

The most important parameters of investigation are: 

• Solar Fraction; 

• Primary Energy Savings, 

• Electric Efficiency; 

• Reduction of CO2 emissions. 

For more details about the calculation of these data, see paragraph 6.3.2. 

7.1.1 Solar fraction 

The Solar Fraction index indicates the percentage of the total heat demand which 

the solar source is able to cover, see paragraph 6.3.2. A low value means a 

continuously use of the auxiliary heater and thus an high fossil fuel consumption 

while an high value can be achieved when an optimum use of all the components 

bring the solar radiation from the collector via the storage to the house. Furthermore 

this figure represents the performance in terms of solar radiation captured and 

management of the heat stored. In Table 7-1 results for the five simulations are 

summarized. 

 

Table 7-1: Solar fraction in SC+ system where several heat rejection technologies 

are installed. 

 
 

The total Solar Fraction obtained within SolarCombi+ models show that for all of the 

configurations more than 75% of the thermal energy required by the application can 

be covered with solar energy and only 25% of the energy still need to be obtained 

burning fossil fuel. 
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In Figure 7-1 the graphical representation between the different components is 

presented. Wet Cooling Tower and Swimming Pool show to perform a slightly better 

use of the solar source than the others technologies. 

 

 
Figure 7-1: Solar fraction with several heat rejection technologies. 

 

Since the TRNSYS model of the system allows varying locations easily the same study 

has been performed in Rome keeping the same residential application and all the 

other parameters, i.e. 45 m² solar collector area and 2 m³ storage volume. 

 

 
Figure 7-2: Solar fraction in Rome. 

 

Total Solar Fraction values 10 % higher than that exploited in Milan have been 

observed in Rome. The entire energy amount for heating purpose and more than 95% 

for the Domestic Hot Water preparation is covered by the solar energy. The cooling 
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purpose still needs 15 % of fossil fuel in order to satisfy the energy demand. These 

appreciable results are achieved with all the three technologies and again Wet 

Cooling Tower component permits to achieve a slightly better performance. 

Finally the annual efficiency of the solar collector and the storage buffer is around 43 

% and 80 % for all the three simulations. In a year the stagnation time in Rome is 

around 100 hours which are well supported by certified solar collector technologies. 

7.1.2 Annual primary energy saved 

Relative Primary Energy saved index indicates the percentage of the Primary Energy 

saved in comparison to an imaginary reference system where the same energy 

consumptions have to be covered and no renewable energy sources are used. The 

procedure to bring all the final energies, i.e. thermal and electric, to the primary 

level is just a way to facilitate the analysis. A positive value means that energy 

savings have been obtained and the solar energy source has been substituted to the 

fossil energy source. In Table 7-2 results for the five simulations are summarized. 

 

Table 7-2: Primary energy saved obtained with several heat rejection technologies. 

 
 

The relative Primary Energy savings for all the SolarCombi+ models is around 39 % 

which corresponds to an amount of energy of ca. 6000 kWhPE per year. A higher 

Primary Energy savings related to the electric energy is expected than a thermal one 

since the Thermally Driven Chiller technology has very low electricity consumption. A 

Rotartica chiller has a nominal chilling power of 4.5 kW with internal electricity 

consumption less than 400 W. Less Primary Energy savings related to the thermal 

contribution are observed since the Thermally Driven Chiller is driven by the auxiliary 

boiler when cooling power is required by the application and the solar radiation is 
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not enough. In Figure 7-3 the graphical representation between the different 

components is presented. Swimming Pool and Horizontal Geothermal Probes presents 

the lower absolute Primary Energy savings and thus relative Primary Energy saved. A 

possible reason is the installation of a heat exchanger between the components and 

the TD chiller. The separation into two loops required the installation of another 

pump which decreases the electricity savings. 

 

 
Figure 7-3: Primary energy saved obtained with several heat rejection technologies. 

 

The results of the same SolarCombi+ models simulated in Rome has been reported in 

Figure 7-4 where the negative value means an higher energy consumption than that 

would be occur in an imaginary reference system. 

 

 
Figure 7-4: Primary Energy saved in Rome 
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As stated in the previous paragraph in Rome the solar fraction for heating and DHW 

preparation are almost 100 %. This statement means that the more Primary Energy 

consumed and related to the thermal contribution is only due to the TD chiller. 

However in Rome a SC+ models have shown 6 % of relative Primary Energy saved 

higher than that obtained in Milan. Furthermore in a Mediterranean climate where 

the cooling demand is more important than the heating one a higher energy saving 

can be expected. 

7.1.3 Electric efficiency of the system 

The electric efficiency of the system point out how much electric energy is consumed 

per thermal energy distributed into the application. The index takes into 

consideration not only the internal electric consumption of the main components 

such as chiller, boiler and cooling tower but all the auxiliaries and distribution pumps 

as well, see paragraph 6.3.2. In Table 7-3 results for the five simulations are 

summarized. The yearly electric consumption of the two technologies, i.e. SC+ and 

REF, does not take into account the consumption which are in common such as the 

DHW pump and the internal electric consumption of the auxiliary boiler. 

 

Table 7-3: Electric efficiency obtained with several heat rejection technologies. 

 
 

For a fixed thermal energy demand a yearly consumption of electric energy almost 

four times higher than in SolarCombi+ system is observed within an imaginary 

reference system. The same factor is observed between the cooling electric 

efficiency of a SC+ system and a reference one. 
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In Figure 7-3 the graphical representation between the different components is 

presented. The five technologies lay on three different levels: Dry Air Cooler with 

and without fogging device reach the higher electric efficiency; Wet Cooling Tower 

and the Horizontal Geothermal Probes achieve a 2 % lower electric efficiency 

plateau. The result related to the WC component is badly influenced by the oversized 

of the tower which is 60 % higher than the required. A smaller size is not available on 

the market. 

 

 
Figure 7-5: Electric efficiency obtained with several heat rejection technologies. 

 

The alternative heat rejection technologies are penalized by the installation of a 

heat exchanger separating the TD chiller and the heat rejection technologies. The 

latter configuration required one pump more than the other solutions. 

 

 
Figure 7-6: Electric efficiency obtained in Rome. 
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In Figure 7-6 with the intent to follow the same structure as in the previous 

paragraphs the results obtained in Rome are here reported. A slightly decreasing of 

the electric efficiency is observed and one possible reason is the cooling period which 

is longer in a Mediterranean city as Rome than in Milan. 

7.1.4 Annual reduction of CO2 emissions 

The annual reduction of CO2 emissions is an index which does not need an 

explanation and has been previously explained, see paragraph 6.3.2. The simulation 

firstly in Milan and then in Rome have shown that a SolarCombi + system thanks to 

the Primary Energy savings can achieve a appreciable annual reduction of CO2 

emissions. In Figure 7-7 and Figure 7-8 a graphical representation of the results is 

summarized. 

 
Figure 7-7: Reduction of CO2 emissions obtained with several heat rejection technologies. 

 
Figure 7-8: Reduction of CO2 emissions obtained in Rome. 
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7.2 Economic Results 

7.2.1 Investment costs 

Investment cost for the main components has been chosen considering firstly a 

realistic current price and then a reasonable reduction trend for the next years. 

 

• Evacuated Tube collectors 

Nowadays in Europe the prices oscillate around a value of 1000 €/m2. For the analysis 

within this thesis a price around 600 €/m² has been considered since this value can 

respect the trend of the next years. 

 

• Hot water storage buffer 

A well insulated storage buffer with devices to promote the stratification nowadays 

costs around 2000 €/m³. For the analysis a price around 1700 €/m³ has been 

considered. 

 

• Thermally Driven Chiller 

The price of a small TD chiller is currently around 1300 €/kWchilling. A decreasing can 

be expected if SolarCombi+ system will be promoted in the next years. However for 

the analysis the actual price has been considered. 

 

• Heat rejection component 

In small SolarCombi+ system all the heat rejection technologies treated in the first 

chapters have been considered with an identical price. An investment cost of 4000 € 

for a dry air Cooler with or without fogging device, wet cooling tower, horizontal 

geothermal probes and swimming pool has been considered. For the two alternative 

heat rejection technologies only the cost of a heat exchanger to be installed has 

been counted. Swimming pool is built not only to reject the heat of the system and 

400 m horizontal geothermal probes less than 2 m depth are placed in few days by 

two workers. 
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Other investment costs to be considered are the auxiliary components costs such as 

pumps, heat exchanger, pipes, insulation, valves and structures. The installation of 

these components strictly depends on the state of the application and system 

configuration. For this reason a precise and general estimation is difficult to perform. 

For example a proper installation of a solar collector field in some cases requires an 

inclination of 30 degree. When the roof of an application does not have the previous 

specification then a supplementary investment cost related to an aluminium 

structure has to be included. In this thesis a new residential building is considered 

and all the requirements for SolarCombi+ system have been solved during the design 

phase of the application. For these reasons a price around 200 €/m² of solar collector 

can be reasonable. 

 

The total investment cost needed for a SolarCombi+ system has been compared to 

the investment cost of a reference system which does not use renewable energy 

technologies. In this case the only extra cost between the two plants is represented 

by the compression chiller which is not installed in a SC+ system. A price around 6000 

€ per 9 kW cooling power peak has been considered where the installation cost are 

included. In Table 7-4 all the voices are summarized without considering any 

government subsidies. 

 

Table 7-4: Investment costs for the two technologies. 

 
 

A huge investment cost has to be considered when a SolarCombi+ would be installed. 

The 50 % of the total investment is covered by the solar collector field while the 
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Thermally driven chiller covers the 20% of the total cost. Finally a SC+ system has 

one magnitude more as investment cost than a reference system. 

7.2.2 Operating costs 

The annual operating costs, Coper,annual , for a SolarCombi+ system are calculated as 

follows: 

 

.int.. enmawaterwaterelelfuelfossilloper,annua C·C+ M·C+Q·C  =  QC +   Eq. 7-1 

 

where: 

 

• Qfossil is the annual fuel consumption; 

• Cfuel is the cost of natural gas; 

• Qel. is the annual consumption of electricity of all the electrical components of 

the system; 

• Cel. is the cost of electricity; 

• Mwater is the total volume of water; 

• Cwater is the cost of water; 

• Cmainten. is the cost of periodic maintenance. 

 

Since a slow increasing trend of the natural gas and electricity price is registered 

within the last year in this thesis only the actual price has been considered. The most 

realistic prices have been found in the database of the Italian Regulatory Authority 

for Electricity and Gas and they refer to the first three moths of 2009. In the 

following paragraphs the single terms are presented and discussed. 

Natural gas cost 

The authority website reports a cost of 0.486 €/m³ for residential use with a 

consumption less than 5000 m³ per year. The fuel cost is calculated starting from the 

conversion factor of 10 kWh/m³ thus a fuel cost of 0.054 €/kWh is acceptable. The 

latter value includes a boiler efficiency of 0.9. 
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In SC+ system natural gas is consumed by auxiliary boiler for heating, cooling and 

DHW purposes while in reference system the boiler is used only for space heating and 

DHW preparation. Table 7-5 summarizes the annual fuel consumption and cost for 

the two technologies. 

 

Table 7-5: Annual costs due to the auxiliary boiler. 

 
 

The two plants, SolarCombi+ and reference, show an equal fuel consumption 

however it has to keep in mind that part of the fuel consumption in a SC+ plant is 

related to the thermally driven chiller. 

Electricity cost 

The electricity price in Italy is strictly related to the sector of the consumer the total 

amount of energy consumed in a year and the power peak installed. In Table 7-6 for 

a residential application the most used tariffs are reported. 

 

Table 7-6: Price from the Italian regulatory authority for electricity. 
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Nowadays for a residential application with an annual electricity consumption less 

than 2700 kWh and a peak power of 4.5 kW a cost of 0.22 €/kWh has to be paid. With 

this price it is possible to evaluate the annual cost related to the electricity 

consumption in the different SolarCombi+ solutions. 

 

Table 7-7: Annual electricity consumptions. 

 
 

The annual results underline the efficiency of the considered installation. The use of 

a thermally driven chiller instead of a compression one allows consistent gains from 

the electric consumption point of view. 

Water cost 

In order to calculate the water consumption cost a value of 1.5 €/m³ is adopted. 

Water is necessary for the heat rejection system while in the reference system this 

voice is not present. In Table 7-8 the annual costs related to the water consumption 

for all the five installations are reported. 

 

Table 7-8: Costs related to the water consumption. 
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Swimming pool has a double consumption than a wet cooling tower due to the daily 

water evaporation at the surface of the pool. Dry air cooler with fogging device has 

very low water consumption and a higher utilization of this device it is not 

recommended. A big amount of water on the surface of the compact heat exchanger 

guides to a fins corrosion. 

Maintenance cost 

Considering the complexity and the higher number of components an annual cost of 

250 € per year is considered instead of 100 € needed by the reference system. 

Total annual operating costs 

In Table 7-9 the total annual operating cost of SolarCombi+ system with different 

heat rejection solutions and the annual operating cost of a reference one are 

presented. 

 

Table 7-9: Total operating costs. 

 
 

SolarCombi+ technology with the control strategy developed allows in all the 

configurations an important economic savings. The comparison between reference 

and SolarCombi+ system has shown that the latter technology decrease from 20 % 

with swimming pool to 40% with dry air cooler with fogging device the annual 
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operating costs. The economic savings follow the increasing in energetic 

performances and reduction of the environmental impact. 

7.2.3 Payback time 

The payback time represents the time needed to return within the initial investment. 

A Solar Combi+ system as all the thermal hydraulic systems has a lifetime up to 20-25 

years. Thus a payback time less than 12 years should be desirable. 

 

Payback time has been calculated as: 

 

operating
payback C

I
∆

∆
= 0τ      Eq. 7-2 

 

with: 

 

+SCref -I  =   I∆I 0      Eq. 7-3 

+SCoperating,refoperating,operating   - C  =  C∆C   Eq. 7-4 

 

Where: 

 

• ISC+ and Iref are the investment costs for SolarCombi+ and Reference system; 

• Coperating,SC+ and Coperating,ref are the annual operating cost of both SolarCombi+ and 

Reference system; 

 

The cash flows generated only by the operating costs are actualized with an interest 

rate of 5 % along the lifetime of the plant. In Table 7-10 the payback analysis is 

summarized. 
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Table 7-10: Payback time analysis for a SC+ plant in Milan. 

 
 

In Milan a SolarCombi+ system after 20 years presents a negative cumulative cash 

flow and thus the investment is well faraway from the return. Better results can be 

achieved making several assumptions on the trend of the evacuated tubes price and 

on the government subsidies. 

 

In Table 7-11 the results obtained for a SC+ system in Rome are summarized. A 

cheaper price for the evacuated tubes, e.g. 500 € per square meter, together with 

subsidies which support solar thermal for cooling purpose has been considered. 

 

Table 7-11: Payback time analysis in Rome. 

 
 

In this optimistic situation it is shown that the payback time parameter is strongly 

influenced by the government subsidies like the cost per primary energy saved. The 
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Mediterranean climatic condition helps as well the decreasing of the cumulative cash 

flow. However the investment does not return in the lifetime of the plant. 

7.2.4 Cost of primary energy saved 

The Cost of Primary Energy saved, CPE, can be seen as an index which links the 

energetic and environmental performances with an economic analysis. This 

parameter represents the cost sustained by the consumer for unit of primary energy 

saved in comparison with a reference system. On the nominator of Eq. 7-5 there are 

the extra costs which are to be paid in a SC+ system and not in a conventional one. 

The costs take into consideration both investment and operating costs together with 

the factor of annuity during the life of the plant, i.e. 20 years. 

 

saved

referenceannualSCannual
PE PE

CC
C ,, −

= +
     Eq. 7-5 

 

Where: 

 

• PEsaved see paragraph 6.3.2; 

• Cannual are the annual costs of the systems, (investment cost for the auxiliary 

boiler is neglected since the same boiler is used in both the two systems). 

 

refenmaannual,refoperreference annual,ref CdC+ bI =  aC ,int, ⋅+⋅⋅   Eq. 7-6 

++ ⋅+⋅⋅ SCenma SC+loper,annuaSCannual,SC+ Cd C+bI  =  a C ,int,   Eq. 7-7 

and 

%8
1)1(

)1(
≅

−+
⋅+

= n

n

i
iia        Eq. 7-8 

 

Where: 
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• Iref take into consideration compression chiller and planning costs; 

• ISC+ stays for solar collector, storage buffer, auxiliaries, thermally driven chiller, 

heat rejection component and planning costs; 

• Coper,annual and Cmainten  see previous paragraph; 

• a is the annuity factor; 

• b is the increase price of the sources, 5 %; 

• d is the inflation rate of the money, 2.5 %; 

• i is the annual interest, 5%; 

• n is the lifetime of plant, 20 years. 

 

This parameter is strongly linked to the actual market and government subsidies 

situation. Evacuated tubes and flat plate solar collector which cover 50 % of the 

whole investment are still too expensive in the Italian market. The same products 

can be found in other European markets much cheaper. Nowadays the government 

supports solar thermal technology for space heating and DHW preparation with a 

reduction of 55 % on the taxes to be paid. In the near future it is expected that 

thermally driven chiller will be recognised by the authorities as a renewable energy 

technology and thus the same tax redaction should be applied at this extra 

investment costs. In Table 7-12 the values of the cost of primary energy are 

summarized for different government subsidies and evacuated tube prices. 

 

Table 7-12: Cost of Primary Energy saved with different solutions. 

 
 

In Table 7-12 the importance of government subsidies and cost of evacuated tubes is 

well demonstrated. The “base case” is the case where incentives for solar technology 

are not available and cost of the evacuated tube is 700 € per square meter. The first 

case is the most real situation where incentives are available only for SolarCombi 
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system, i.e. space heating and DHW preparation, and the collector price is 700 € per 

square meter. Finally the last case is the most optimistic one where subsidies support 

SC+ system and solar collector price is 500 €. From the beginning to the end a 

considerable reduction can be observed. 

 

In Table 7-13 the Costs per Primary Energy saved and obtained in Rome instead of 

Milan are reported following the same analysis procedure. 

 

Table 7-13: Cost of primary energy saved in Rome. 

 
 

In Rome all the costs per primary energy saved present an appreciable reduction in 

comparison to Milan location. Additionally in the most optimistic case, i.e. SC+ 

investment with a 55 % reduction of taxes and 500 € per square meters the cost of 

the collectors, a negative value is obtained. This result change radically the point of 

view of this index from a cost per primary energy saved to a credit per primary 

energy saved. 

7.2.5  “Conto Energia” for solar thermal technologies 

Nowadays in Italy for the photovoltaic technology there is a government subsidies 

program which is well promoting the massively installation of photovoltaic plants. 

The subsidy program is called “Conto Energia” and started more than two years ago 

with a credit of 0.44 € per unity of electricity produced with the intent to reduce a 

panel price of more than 7000 € per kilowatt peak installed and shake a difficult 

market. After two years the first results are already visible and the credit has been 

already decreased to 0.38 €/kWh. Firstly the price of the panel has been reduced to 

5000 €/kW peak and then the market has well reacted with a continuously growth. 
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The same good-end story could be probably obtained with solar thermal technology if 

a similar subsidies program would be proposed. The program has to take into 

consideration that thermal energy has a lower quality than the electricity and 

moreover the overproduction of the hot water can not flow in a net as the electricity 

does. However SolarCombi+ system allows exploiting an appreciable primary energy 

savings which has been demonstrated in the previous paragraphs, see paragraph 7.1. 

 

“Conto Energia” subsidies program for solar thermal production should pay a certain 

credit per each unit of thermal energy produced by solar collector and really flowing 

into the distribution system for space heating, cooling and DHW production. In order 

to measure the final solar thermal energy amount three energy flux meters has to be 

installed as shown in Figure 7-9. The sum of the thermal loads of the application can 

be measured with two sensors while an extra meter has to be set up within the 

auxiliary boiler. The difference between the thermal loads and the boiler production 

represents the “net thermal energy” coming from the solar collector. “Net energy” 

means for example that the storage buffer losses are not counted. 

 

 
Figure 7-9: SolarCombi+ system equipped with energy flux meters. 

 

The credit value per each unit of “net solar thermal energy” has been calculated 

with the results coming from simulation of a SC+ model located in Rome. The model 

reported for a whole year the three energy amounts illustrated in Figure 7-9. 
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For space cooling 87.6 % of the total energy is distributed, for space heating 3.7 % 

and for DHW preparation 8.4 % while the auxiliary boiler has produced 4558 kWh of 

thermal energy. Furthermore the solar source permits to save 17754 kWh of 

electricity and 2443 of natural gas. A collector are of 45 m² installed in a 

SolarCombi+ system in Rome allow savings of more than 4000 € per year. With the 

latter value is now possible to evaluate the credit value which could be paid in 

“Conto Energia” subsidy program for solar thermal technology. In Table 7-14 all the 

results are summarized. 

 

Table 7-14: “Conto Energia” credit. 

 

 

A new payback time analysis is now calculated considering the “Conto Energia” 

subsidy program previously discussed. The credit of 0.2 € per unit of final solar 

thermal energy is inserted only for the first ten years. In Table 7-15 the actualized 

and cumulative cash flows are reported. 
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Table 7-15: Payback time with formula “Conto Energia”. 

 
 

The SolarCombi+ technology using the hypothesis of “Conto Energia” subsidies shows 

a return of the investment within the tenth years of the lifetime of the plant and 

after twenty years a cumulative cash flow positive. 
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CHAPTER 8 

Summary and Conclusion 

In this study, firstly heat rejection components has been treated and then the entire 

SolarCombi+ model has been developed in order to help the design and control of 

such system. These components are in form of mathematical models, TRNSYS type, 

and guidelines for design and control produced from results of numerously dynamic 

simulations applied to the entire SolarCombi+ system. Specific conclusions and 

recommendations concerning this work follow. 

8.1 Heat Rejection Models 

In Chapter 2, a new complete model of a dry air cooler has been presented. The 

model requires only the number of the fan in order to estimate the heat rejection 

rate, electricity consumption and outlet water temperature for several sizes. The 

model allows controlling the fan speed at which the desired outlet water 

temperature is obtained. Results of the model have been compared with 

measurements from Rotartica and Guentner companies. The mathematical model 

works well in estimating both the heat rejection rate and the electricity consumption 

associated with the variable speed fans. Additional work is necessary to develop a 

mathematical model for a dry air cooler with fogging device. 

In Chapter 3, Poppe model has been developed for wet cooling tower. This model 

does not make the simplifying assumptions made by Merkel model. Results of the 

Poppe model for cooling tower compare well with experimental data to the basic 

heat and mass transfer equations. The advantages of this approach are a more 

accurate results than that obtained by employing the Merkel approach, as it is the 

more rigorous approach. The humidity of the air through the entire cooling process is 

predicted by the Poppe approach, unlike the Merkel approach where only the outlet 

condition of the air is known, i.e. it is saturated. Future work should involve 

application of this modelling approach to other wet surface materials. 
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Models have been also presented for two alternative heat rejection technologies such 

as horizontal geothermal probes and swimming pools, Chapter 4. It has been shown 

the mathematic theory behind the existing TRNSYS Type and short sensitivity analysis 

for the main parameters was finally carried out. 

8.2 “System – Application” Model 

In Chapter 5 and 6, the duo “system-application” model has been developed for 

SolarCombi+ system in residential application. This model utilizes existing TRNSYS 

standard Types for most of the components while no-standard Types are available 

within other TRNSYS libraries or have been developed within European project. A 

building model with a TRNSYS subroutine program, Type 56, has been developed 

taking into consideration architectural design, constructive descriptions of all 

building elements and the inhabitant behaviour. A hydraulic plant model has been as 

well constructed taking into consideration all the temperature levels and mass flow 

rates required by the components. Finally input and output signals between the 

building and hydraulic heating and cooling plant model have been elaborated in order 

to match the duo SolarCombi+ system – residential application in the same TRNSYS 

platform. The advantage of the “system-application” model is that it provides a 

“true” solution to the SC+ system modelling, including the response of the building. 

The model may work at different weather conditions, set point temperatures and for 

different sizing, so that the “system-application” is useful for evaluating both 

energetic and economic performances. Future work should consider more in details 

the thermal indoor comfort achieved in the ambient looking at the temperature and 

relative humidity too. 

8.3 Energetic, Environmental and Economic analysis 

Performance analysis has been conducted for all the five heat rejection technologies. 

Moreover the same analysis approach has been done for another location, Rome, in 

order to see the influence of the weather conditions next to the heat rejection 

components. The energetic and economic results were good. 
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Total Solar Fraction obtained within SolarCombi+ models show that for all of the 5 

configurations more than 75% of the thermal energy required by the application in 

Milan can be covered with solar energy and only 25% of the energy still needs to be 

obtained burning fossil fuel. In Rome values 10 % higher than that exploited in Milan 

have been observed. 

 

Relative Primary Energy savings for all the SolarCombi+ models is around 39 % which 

corresponds to an amount of energy of ca. 6000 kWhPE per year. A higher Primary 

Energy savings related to the electric energy is expected than a thermal one since 

the thermally driven chiller technology has very low electricity consumption. 

Furthermore less Primary Energy savings related to the thermal contribution are 

observed since the thermally driven chiller is driven by the auxiliary boiler when 

cooling power is required by the application and the solar radiation is not enough. In 

Rome a SC+ models have shown 6 % of relative Primary Energy saved higher than that 

obtained in Milan. 

 

For a fixed thermal energy demand a yearly consumption of electric energy almost 

four times higher than in SolarCombi+ system is observed within an imaginary 

reference system. The same factor is observed between the electric efficiency in 

cooling mode of a SC+ system and a reference one. 

 

The simulation firstly in Milan and then in Rome have shown that a SolarCombi + 

system thanks to the Primary Energy savings can achieve a appreciable annual 

reduction of CO2 emissions. From a minimum value of 2.7 to a maximum value of 4.6 

tons per year has been observed. 

 

Future work should consider an auxiliary compressor chiller in order not to use the 

TD chiller whenever needed but whenever the solar thermal energy is available. 

 

Economic analysis has shown that a huge investment cost has to be considered when 

a SolarCombi+ would be installed. The 50 % of the total investment is covered by the 

solar collector field while the thermally driven chiller covers the 20% of the total 

cost. Furthermore a SC+ system has one magnitude more as investment cost than a 

reference system. 
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In terms of operating cost, SolarCombi+ technology with the control strategy 

developed allows in all the configurations an important economic savings. The 

comparison between reference and SolarCombi+ system has shown that with SC+ 

technology the annual operating costs decrease from a minimum of 20 % to a 

maximum of 40%. However the investment does not return in the lifetime of the 

plant. 

 

An economic analysis based on the cost per primary energy saved has been 

performed as well. For the cases studied, a wide range of hypothesis has been 

considered. From the actual state of the market to several forecasts have been done 

within this analysis in sense of government subsidies and evacuated tube price. The 

results have shown the importance of the subsidies and the price of the main 

component. In Milan for the most optimistic forecast, the consumer has to sustain a 

cost of 0.039 € for unit of primary energy saved while in Rome the primary energy 

savings are a credit and not anymore a cost. 

 

Finally a similar subsidies program to “Conto Energia” has been proposed for the 

solar thermal technologies. The financial support should pay a credit of 0.2 € per 

each unit of thermal energy produced by solar collector and really flowing into the 

distribution system for space heating, cooling and DHW production. With this 

hypothetical subsidy program, a return of the investment within the tenth year of 

the lifetime of the plant has been calculated. 
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Appendix A: Dry Air Cooler Model 
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Appendix B: Wet Cooling Tower Model 
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Appendix C: SolarCombi+ system: 

Concept and Design 

Within the Seventh Framework Programme a four years project called “Alone” in 

October 2008 started. Two demonstrative plants with small scale solar cooling 

devices have been simulated, designed and will be settled. In spring 2010 it will 

follow the installation and then a two years monitoring campaign where the 

functioning of the installations will be observed and a complete energetic and 

economic analysis will be carried out. In the following paragraphs a short description 

of one of the two plants is given in order complete the thesis with a practical and 

real example of a SolarCombi+ system. 

The Existing Building and its Surroundings 

The building is located in a new residential area in Branzoll, 10 km south of Bolzano. 

 

 
Figure 0-1: Bird's eye view shoot from the south. 
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The southern sidewall flank a vineyard and the adjoining buildings are apartment 

buildings which have a proper distance of 10 m. The neighbouring houses the planting 

and the topography leading never to any kind of shading during the whole year. 

 

 
Figure 0-2: The passive house for several dwellings. 

 

Regarding to ClimaHouse-Evaluation scale the period of heating in Branzoll is about 

176 days with an average outdoor temperature of 4.87°C and the Heating Degree 

Days is of 2659. The calculated energy for space heating is about 15 kWh/m² per 

year. 

 

The selected demonstration site is a passive house built two years ago by “Istituto 

Per l’Edilizia Sociale”, an institute for social buildings in the province of Bolzano. The 

institute provides dwellings with a social rent to the less reach families. For this 

reasons IPES builds, buys and refurbishes several dwellings per year. Since 2001 due 

to the philosophy of the institute, the new buildings have to respect ClimaHouseB 

standards, 50 kWh/m² per year. The official standards for South Tyrol region are 70 

kWh/m² per year and nowadays will be easily achieved with the existing 

technologies. Because of that, IPES can provide homes for a social house rent, save 

energy and reduce the energy bill as well. 
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The passive house in Branzoll is a house divided into eight flats and four floors. The 

individual flats are reachable through a staircase or an elevator located in the middle 

of the building Figure 0-3. 

 

 
Figure 0-3: Vertical projection. 

 

The net living space of the three 5-room, three 3-room and two 2-room flats are 577 

m². In addition to that there are also 14 garages in the building. 

 

 
Figure 0-4: Horizontal projection. 
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In order to satisfy the passive house standard for central Europe the building has to 

fulfil firstly that not more than 15 kWh/m² per year in heating and cooling energy is 

used. To achieve this standard the following constructive details has been carried 

out: 

• 28 cm mineral foam insulation to cellar (u-value of 0.15 W/(m² K)); 

• Foundation walls on foam glass; 

• Thermal separation; 

• 28 cm mineral foam insulation of external walls (u-value: 0.14 W/(m² K)); 

• Triple glazed windows; 

• Green roof, bearing construction filled with cellulose flakes (44 cm); 

• Suspended balconies; 

• Air tightness (for high efficiency of heat recovery of ventilation system) by means 

internal plaster and foil at junctions; 

• Labelled “Ecological construction” because of environmentally friendly insulation 

materials, green roof and renewable heat sources. 

The Existing Hydraulic and Ventilation System 

The main technical devices are the central air handling unit system, the subsoil heat 

exchanger, the 15 kW pellet boiler with 5.5 m³ silo, post-heating batteries, one per 

apartment, and respectively radiator in the bathroom, Figure 0-5. 

 
Figure 0-5: Technical devices. 
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The existing air-handling unit is located in the utility room in the cellar. Fresh air 

coming from the north-façade is cleaned up and filtered by the air-handling unit. 

Thanks to a cross-flow heat exchanger up to 82% of the exhaust thermal energy is 

recovered by heating up the fresh air. 

 

In addition to that and also to avoid freezing of condensation water, the fresh air is 

headed up in advance by horizontal geothermal probes. The change of air happen 

with a standard volume flow of 1108 m³/h so that the change of air rate is 0.8 

volume per hour (the hygienic change of air rate is 0,7). 

 

 
Figure 0-6: The main air-handling unit in the cellar. 

 

Through the living rooms the delivery of fresh air is performed whereas the 

discharged air will taken away from the bathroom and the corridor. So the exhausted 

air is detracted from humid rooms and from rooms with a built up of odours. The 

distribution of fresh air within the flats is carried out via slots above the entrance 

doors. 

 

The flat heating will mainly be done via post heating of the fresh air through a heat 

battery, Figure 0-5. These heat batteries with a capacity between 2.1 and 2.4 kW are 
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driven by a pellet boiler (for heating and domestic hot water supply) which is 

coupled with a storage buffer of 800 l. In addition to that a common radiator is used 

in all bathrooms. To regulate the energy consumption different thermostats are 

installed in the dwellings. 

SolarCombi+ System Integration 

One main point for the decision to install a solar heating and cooling system, 

SolarCombi+, in Branzoll has been the high indoor temperatures registered during 

summertime. The preceding measurements on this passive house carried out that 

temperature up to 30 °C prevail in the dwellings so that an air-cooling system would 

be helpful to maintain thermal comfort. 

 

A second point is the relatively easy way to combine the existing system with the SC+ 

system. An extra heat exchanger installed within the air handling unit permits to 

distribute the cooling energy produced by the chiller without other invasive changes. 

 

 
Figure 0-7: Thermally driven chiller and cooling energy distribution. 
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It has to observe that a decentralized distribution system would be better in sense of 

separated temperature control within each apartment. 

A third point is the presence of horizontal geothermal probes within the plant. There 

are eight geothermal probes approximately 50 cm beneath the house installed with a 

length of 80 m and a diameter of 5 cm. 

 

 
Figure 0-8: Horizontal geothermal probes installed in Bronzoll. 

 

These probes are used as a pre-heater in winter season for the ventilation system to 

achieve a better efficiency factor for the heating system and to avoid freezing 

condensation in the cross-flow heat exchanger. The probes are directly beneath the 

house so that an additional ground excavation could be nearly avoided Figure 0-8. In 

summer these probes are going to be used as a heat sink for the solar cooling system. 

 

 
Figure 0-9: Heat rejection technologies. 
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Unfortunately these probes are not designed for this purpose and it is still not sure if 

they could be enough to reject 30 kW of heat. To have a backup for this the air heat 

exchanger will be included into the heat sink system together with a dray air cooler 

Figure 0-9. The previous solution should allow avoiding a wet cooling tower 

installation. 

 

The needful area simply consists of around 7 m² in the cellar and the necessary 40 

m² for the solar panels on the roof. The 7 m² are mainly occupied by the 3000 l tank 

and by the TD chiller, Figure 0-10. 

 

 
Figure 0-10: The 3000 l tank for the SC+ in the cellar. 

 

The potential gross area on the horizontal green roof for the installation of the solar 

panels is about 440 m², Figure 0-11. The net area can be determined considering the 

shading of the elevator shaft and the area used for windows, Figure 0-11 and Figure 

0-12. 
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Figure 0-11: Overview of a possible solar panel installation. 

 

 
Figure 0-12: The horizontal green roof and the elevator shaft jutting out 2 meter from 

the roof. 
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The final configuration of the plant is presented in Figure 0-13 where the new 

components to be integrated are highlighted. 

 

 
Figure 0-13: Final configuration together with the main additional devices. 

 

The integration of a SC+ system in an existing plant is a hard job due to the 

numerously constrains of the conventional system. An alternative technology such as 

SolarCombi+ has to be though at the design phase of a new building where all the 

considerations and solution keys are here solved. 


