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CHAPTER 1 Introduction

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.

Solar Collectars Cooling

Heat Thermally
Drlven Chiller Cold Distribution

L —

Domestis
Hot Water

[

&
(@]
T,
Rt
Auxiliary Heater T Heat Distribution
Storage Buffer

Source: EURAC

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.

Q, [kW]

15 [

10 (_- i e
t,20 15 10 5 A

T 5 - —
L I "
>~ 0 70
s e e T Y
Qﬁx\- -=-- _;/;’_/_;_;// 20
\\ t2

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.

main cooler __heat exchanger auxiliary cooler _heat exchanger heat rejection

wet cooling, open  ground heat exchanger dry cooling swimming pool
g i ?_"_"1
| L{
|
T

Y
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.

FanCail
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| Wet Cooling 5 Collector
Strasbourg | Office FanCoil | " Tower [T Storage2 (e
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Toulouse "l Tube
5 Collector
) » Storage 2 " o
FanCoil d Dry Cooling size
Residential Tower
100
>
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Ceiling

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.

3a SERIE = 15/10/2009

LIMITE ENERGY-BOX

IPOTESI DELIMITAZIONE ENERGY=-BOX

CIRCUITINON UTILIZZATI

L9

ACQUA CON GLICOLE ANTIGELO

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.

1 Cooling circuit

2 Inlet flow

3 Cooling element
4 Return flow

5 Heat source

6 Circulating pump
7 Cooling air

8 Fan

@

®

®V + 9 Fan drive
XO)

iy ity
y

Y | B, @
Ay | - 2
Q) = N

Vi

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 7-8°C

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 AT, 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.

10
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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.

Cell No.

1 2 s n
tout- Mout, — e e — l--------------l— ————— |
o s—— | | o |
| i |
| | b2 3
tin, Min | | \.:H J/ |
Control ———» I I = |
signal —_—— e ————— e — — —

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.

Variable |Description | Value | Units
Compact heat exchanger:

NROWS |Number of rows 3 [-]

NTUBES |Number of tubes 108 [-]

NPASSES |Number of passes 12 [-]

LU Duct height of one bay 0.9 [m]

11
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Table 2-1b: Dry cooler hidden parameters.

WD Duct width 1.3 [m]
DEXT Outside tube diameter 0.01021 [m]
DINT Inside tube diameter 0.00971 [m]
KT Tube thermal conductivity 395 | [W/m-K]
FT Fin thickness 0.00015| [m]
NFINS Number of fins 465 [fin/m]
KF Fin thermal conductivity 209  |[W/m-K]
ADIST Center to center distance 0.0254 [m]
CDIST Tube spacing 0.022 [m]
Fan at reference conditions:
NFR Revolution per minutes 700 [rpm]
PASS Electric power 580 [W1]
DF Fan diameter 0.608 [m]
HB Hub diameter 0.1 [m]
Medium characteristics:
MG Vol% MonoethylenGlykol{CZH4(OH)2) - Water 25 [%]

2.2.1Geometries

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:

e Tube outside diameter, d.,: = 0.0102 m

e Fin pitch = 315 per meter and Fin spacing, Ps= (1/315) m

e Flow passage hydraulic diameter = 0.00363 m

Fin thickness, t; = 0.00033 m

Free-flow area/frontal area, o= 0.534

Heat transfer area/total volume o = 587 m2/m?3

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.

12
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=PI, 22,00 mm

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
Pt_dext)'(Pf_tf) EQ. 2-1
The frontal area is

Acvfr = Pt Pf Eq 2.2

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

airstream is

13
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2
A, =2'{Pz B —(”%H
Eg. 2-3

With P, is the transversal tube pitch and P, 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

14
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Acva = Acvf +7 'dext ) (Pf _tf) Eq. 2-4

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

be expressed as

A, P
dea = 4. —2<—L
A

Eq. 2-5

The previous geometric characteristics are all the parameters needed to solve this
problem, Figure 2-4.

2.2.2Energy Equations

A hot process fluid enters the tubes at a temperature, T,; ,while cooler ambient air
flows across the finned surface at a temperature, T, ;.
The amount of heat transferred to the air stream from the process fluid can be

expressed as

0= m,C,, (Tua - Tu,i)z m,Cpp (Tp,o - Tp,i) Eq. 2-6

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

heat exchanger, i.e.

0=eCy, (Tp,i - Taz) Eqg. 2-7

where variable Cp, stays for the smaller between muc,, and m,c,, and e is the
effectiveness which depends on the geometry and flows pattern of the fluids through

the heat exchanger.

15
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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.
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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.

N . PI’ 0.667 h . PI’ 0.667
jo= St-Pro® = ! = = function of Re
Re- Pr G, c,
¢ 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, G, 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.

0.025
® JH
—Interpolation
0.020
Sy
8
é 0.015 -
£
o
3 o010 \\K‘_\iifbsz o
0.005 —n
0.000 T T T T
0 2000 4000 6000 8000 10000

Reynolds number

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

hai = StaiGaiccpai 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.

17
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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.

f» =(1.82-log,, Re-1.64)" 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:

&, (/,/8)- (Re-1000)PrfL+ (d/L)*]
wi d., 1+12.7'(fD/B)O'S(PI’O'w—l)

Eq. 2-11
And in laminar condition
h, =436-—

o 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
AL‘vw =7 d ’ Pf Eq 2-13

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

and the corresponding area

18
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1
UiAcv =
1 t, 1
h A i k, A i h_e, A
wi ““cvw t* evw aief cva Eq 2-14
And for the entire radiator core
UA — UiAcv .nt .Lt
npasses ’ Pf Eq 2-15

Where t; is the tube thickness, n; is the number of tubes and L; 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

N =NTU =——
min 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

N,-1
1- epC
1- e,
N,-C
(1— epC]
1—
€ Eq. 2-17

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

and e, 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

exp(- C* NTU®™)-1
C

e, =1—exp| NTU,"
Eq. 2-18

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

2.2.3Draft 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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Eqg. 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 a, = 1, and Eq. 2-19 can be written as

_ pt,in _pt,uu[
=

PV
2 Eq. 2-20

K

where p; i, and p; ., 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].

ponli-(-000975,,, /7. . F°]- - 0-000975 81, /T, F*]=
Koy 4, 120,00+ Ky + K N A (20 =K (| A (2800 oo 5

Where

the velocity has been replaced by the air mass flow rate and the corresponding flow
area. Geometrical variables are the fan casing area, A, hub cross-sectional area, A,
and finally the net area between the previous two, A, = Ac-An. Hyex 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 Kroger as

Khe — Gj /2 Nrowsfappi/pTlZ(ACVA/ACVC)
+(1+O-2)*(1/p32_1/pa1) Eq 2-22

Where the friction factor, f4pi , is calculated with an interpolation curve from
experimental data, Kays and London, with the help of the EES program, Figure 2-7.
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Figure 2-7: Friction factor interpolated curve from experimental data presented

by Kays and London.

The upstream and downstream loss coefficients, K,, and Ky, are reported by Kroger

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

Finally the fan static pressure rise dimensionless coefficient is defined as

KFs = ZAst pa,out/(ma/Ac)Z Eq 2-23

22




CHAPTER 2 Dry Air Cooler Model

the actual air volume flow rate through each fan is

V=—"Tu
nfanp out

Eqg. 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.

Ve, =V(N,/N) Eq. 2-25

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

2-8, at the reference flow rate, Eq. 2-25.
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Figure 2-8: Reference fan static pressure.

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

Ast = Astr(NF/NFr)z(pa,out/pa,r) 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.

2.2.4Solution 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.
Legend:
/my\ Air mass flow rate STo)
\ Ta4/ Air temperature after the heat gty
exchanger AT \| "
& 3
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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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2.2.5Model 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 lkerlan. 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.

Water temperature Air temperature | Water mass flow |Air mass flow Heat rejected
inlet Outlet inlet Experimental | Simulated | Error
Run rd ra ra [kels] [ke/s] [kw] [kw] %]

With one ventilator

1 50.00 39.50 35.00 0.420 2.700 17.49 16.03 8.36

2 50.00 41.30 35.00 0.600 2.700 20.64 18.56 10.08

50.00 43.00 35.00 0.830 2.700 23.04 20.61 10.54
With three ventilators

4 30.00 23.30 20.00 1.820 = 43.70 42.15 3.56

5 41.00 34.9%0 32.00 1.820 = 40.00 35.30 11.75

6| 35.00 29.60 27.00 1.820 - 35.10 31.82 9.34

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 lkerlan. The y-axis is the

calculated data predicted by the dry air cooler model.
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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 35°C 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

11

P ®

1 Cooling circuit
2 Inlet flow
3 Cooling element

4 Return flow
' 6 Circulating pump

@
® LEXEXE X% 7 Cooling air
®
@

water may be used.

8 Fan
9 Fan drive

10 Spraying system
) k =
@

i

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.

1 Fan with drive

2 Drift eliminator

3 Spray nozzles

4 Trickle packing

5 Heat source

6 Float valve and fresh water inlet
7 Overflow

8 Bleed off

9 Frost protection heating

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 4°C 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:

e The Lewis factor, Ley, relating heat and mass transfer is equal to 1;

e The air exiting the tower is saturated with water vapour and it is characterized
only by its enthalpy;

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

balance.

The Poppe model was developed by Poppe and Rogener [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 Kroger [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:

e The Lewis factor, Les, relating heat and mass transfer is equal to 1. This
assumption has a small influence but affects results at low ambient
temperatures.

e 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.

e 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 Kroger [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., dm,=0,

di hdaﬁA

ma  __ i (. s
- (lmasw La )

dz m, Eq. 3-1

and

w a

T, m, 1 di,

dz m._ c dz
w Cpw Eq. 3-2
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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,

_ hya, AL, _ hea,L, _ dT,

Ty
e J' ¢ pw w
M . .
m G T,, (lmasw - lmu )

w w

Eqg. 3-3

where Mey is the transfer coefficient or Merkel number according to the Merkel
approach, ag is the surface area of the fill per unit volume of fill, and hy 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, ¢ and n, in order to determine tower effectiveness, Eq. 3-4 and Eq. 3-5.

Eq. 3-4

and

mw n+l
NTU = c{ J
Ma Eqg. 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.

w#FEFF COOLING TOWER INFUT DATA **+** ONIT 4 TYPE 51 LOGICAL UNIT 32 *%*%#%

NUMBER VAIR TLE TWE MWI TWI T
1 3.70E+03 3.40E+01 Z2.11E+01 3.17E+03 3.97E+01 2.62E+01
Z 3.67E+03 3.46E+01 Z.67E+01 3.17E+03 3.50E+01 Z.87E+01
3 3.68E+03 Z.80E+01 Z.11E+01 4., 53E+03 Z.87E+01 Z.42E+01
4 3.63E+03 3.36E+01 2.94E+01 4.53E+03 4.05E+01 j.26E+01
5 4.0ZE+03 3.50E+01 Z2.67E+01 3.63E+03 3.88E+01 Z2.93E+01
6 3.97E+03 3.50E+01 Z.67E+01 3.63E+03 3.88E+01 Z.93E+01

Figure 3-2: Tower performance data input.

FEEEE COOLING TOWER CURVE-FIT RESULTI #+%+%+%

FPARAMETERS: C = 1.705E+00 M = -4.133E-01
WNUMEEE EF3(DATL) EPI(MODEL) (EP3 = "AIR-3IDE EFFECTIVENESZ™)
1 4.352E-01 4.456E-01
Z 4.728E-01 4.70%E-01
3 6.337E-01 6.403E-01
4 5.279E-01 5.395E-01
5 4.620E-01 4.573E-01
6 4.673E-01 4.614E-01

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

Values for ¢ 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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3.3.1Governing 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

m,,+dm,, my(l +w+ dw)
iy t di, Ima § @ima
o f

e e =—-

my, my(1 + w)

iy Uima

Figure 3-5: Control volume of counterflow fill.

Figure 3-6: Air-side control volume of fill.
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dw _ ™ m,
dTW imaxw — ima + (Lef — 1{mew & +. j| - (va - W)prTw

- (WVW - W)lv Eq 3_6

and
dima —c m, 1+ (va B W)cprw
pw . -
aT Ml =i+ (Le, —1{1”"””’ ™ } (w,, —w)e,, T,
- (M)sw - W)lv Eq. 3-7

where the Lewis factor, which is an indication of the relative rates of heat and mass
transfer in an evaporative process, is defined as Le; =h/h4cpe, [15]. Bosnjakovic

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

[WM +0.622 1)
Le, — 0865 0.622

inf W +0:622
w+0.622

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

Eq. 3-8

dMe, B €
dTW - . . imasw - ima +
lmasw - lma + (Lef - 1{_ (W _ w)l i| - (Wsw - W)prTw

Eq. 3-9

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. 3-10

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

the governing equations are

dw m
dT i =i —(w, —w, )i
w . . masw RAY sw sa v
lmaxw - lss + (Lef - 1 + (W - Wsw )prT'w

+ (W - Wsa )cprw

Eq. 3-11

ma! ima 4 WO
.............. S
]
! :
Air :
T [}
[}
______________________ = |
s kg W
+ o
My, lmair Wi

Moo, Ty

Figure 3-7: Control volume of the fill.

And
dima c m, 1+ (Wsw W prw
dT, " m i — i — (W, —w, )i, +
w a . . masw 58 sw sa J*v
lmasw - lss + (Le/‘ - 1 ( T + (W - Wsw )cpr;v
+w- Wea pwiw

Eq. 3-12
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where the Lewis factor for supersaturated air is given by

w,, +0.622
w, +0.622

{Intwm +0.622H
w, +0.622
sa Eq. 3-13

The Merkel number according to the Poppe approach is given by

Le, =0.865%°

dMe c

p pw

d-I—W l , —l +(L€f- _1 imasw _iss _(Wsw - Wsa )lv +(W—W< ,)C T
masw ss y + (W _ Wm )prTw sSw pwow Eq- 3-14

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, w, in Eq. 3-10, is not
known a priori. Refer to Poppe and Rogener [14], Kloppers [13] and Kroger [7] for

more detailed information on the derivation of these equations.

3.3.2Solution 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 T,s, Tyo, W), 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, T,,, and the outlet air temperature, T, 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, in, must be replaced by iy 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.

(Twi B ]1wo )

AT, =

(number of inervals) 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 w, is not known a priori. A value of w, is guessed and a new value of w,
is subsequently determined. The equations are solved until the value of w,
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 wj, imq, Ms known. The values of w) and imqy) are then
determined by the Runge-Kutta method with the set of equations for unsaturated air.
m, 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 Tg) by iterative means with w(;) and imqq)
known. Then assume that the air is saturated and determine the wetbulb
temperature, Typ). If Tou) > Tws) then the assumption that the air is unsaturated is
correct. If Typ) > Tq), Which is impossible, the air is supersaturated. The actual

value of the wetbulb temperature is then Typ1) = Tag).
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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

P f(W’l a’ w)

dT, Eqg. 3-16
di
—rt = g(W’ima’Tw)

dT, Eq. 3-17
dM.

ep = h(W, lma’ w)
dT, Eqg. 3-18

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, in, and T, 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.

n (j(n+l,l) + 2](;1+1,2) + 2j(n+l,3) + j(n+1,4))
6 Eq. 3-19

. . (k(wrl,l) + 2k(n+l,2) + 2k(n+l,3) + k(n+l,4))
1 =1 +
ma (n+1) ma(n) 6

Winst) = W)

Eq. 3-20
(l(n+1,l) + 21(n+1,2) + 21(n+1,3) + l(n+1,4))

Me,,..) = Me,,) +

6 Eq. 3-21
Where
j(n +l,l) = Awa(Tw(n)’ ima(n)’ W(H)) Eq 3-22
k(n+l,l) = A]?vg(ﬂv(n)’ima(n)’ W(n)) Eq 3-23
l(n+l,l) = AT;vh(T;v(n)’ima(n)’ W(n)) Eq 3-24
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k .
(n+11) J(n+11)
Jnirp) =AT, f(T a(n) T — Mt Tj
Eqg. 3-25
k .
(n+1,) J(n+12)
k(n+1 2) =AT, g(TM ma(n) T ' W(n) +Tj
Eq. 3-26
k .
_ W (n+11) J(n+12)
Z(n+1,2) - ATwh(Tw(n 2 7lma(n) + 2 ’W(n) + 2 j
EqQ. 3-27
. ATW k n+1,2 J n+1,2
j(n+13 AT f( w(n T’Zma(n) ( 2 ) ’W(n) + ( 2 )
Eq. 3-28
AT, k + .n+
k AT o T )+ =ity 4 L2
(n+1,3) w w(n) 2 ma(n) 2 (n) 2
Eqg. 3-29
AT, k + .n+
Ly = AT B Ty + =2 i az) g L2
(n+1,3) w w(n) ma(n) 2 (n) 2
Eq. 3-30
and
Jnira) = wa( Loy AT L) + Kuiag) Wi +j(n+1,3)) Eqg. 3-31
n+14 ATM ( w(n + AT a(n) +k(”+13 (") + j(”+1~3)) Eqg. 3-32
lpa) = AT T ) + AT ) F K (rir3)s Wiy + J(ni13) ) Eq. 3-33

The four variables in the Runge-Kutta method are T, w, is or in, 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, i, or is; and T,. Most of the other variables are functions of
these variables. Eq. 3-16 - Eq. 3-18 are not functions of Me, because dMep/dT,, is a
function of dw/dT,, . 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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3.3.3Model 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.
—
CENTRIFUGAL AIR DISCHARGE
FAN =
— R-1
in mm
ELIMINATORS ~~——y - | WATER INLET Tower width 41 5/8 1057
i ower depth
D] (FROM CONDITIONER)  Tower deptl 2378 606
gy | —————————— Tower height 84 2134
NPT AN e
SPRAY NOZZLES " [ e Packed height 4138 1051
Packing material )
No. Sprays 18
Packing spacing:
WooD
Hor. Centers 5/8 16
FILLER STRIPS Vert. Centers 25/8 67
Packing thickness 1/4 6
No. Vertical sheets or assemblies 61
Total no. Slats 1008
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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.

Ajr temperature, C

Water temperature, C Inlet Inlet Cutlet Chutlet Gw mw Ga ma Me
Run__ Inlet Qutlet Dry bulb Wet bulb  Dry bulh~ Wet bulb kg/'s-m* kg's kqg/'s-m* kg's -

1 31.22 23.89 37.06 21.11 2717 26.06 1.177 0.755 1.806 1.158 1.83
2 4144 26.00 34.11 2111 30.94 3072 1.177 0.755 1.806 1.158 1.69
3 3739 26.83 3550 2389 30.56 30.00 1177 0.755 1.806 1.158 1.73
4 4361 27.89 35.00 2389 3278 3250 1177 0.755 1.806 1.158 1.54
5 4306 2972 3872 2667 33.89 3361 1177 0.755 1.804 1.157 1.53
6 3583 28.56 35.44 26.67 31.22 30.56 1177 0.755 1.804 1.157 1.69
7 38.06 30.59 35.84 29.44 33.39 32.83 1.177 0.755 1.783 1.143 1.66
g 4778 3217 3617 29.44 36.61 36.50 1177 0.755 1.783 1.143 1.4
9 3378 24.72 3250 2111 28.33 2783 1.375 0.882 1.840 1.180 1.58
10 3967 26.22 34.00 2111 31.22 30.78 1.375 0.882 1.831 1.174 1.58
11 32.33 26.39 32580 2389 29.00 28.44 1.375 0.882 1.828 1.172 1.66
12 41.00 28.00 35.50 23.89 32.78 32.28 1.375 0.5582 1.806 1.158 1.52
13 3500 28.67 34.61 26.67 31.33 30.83 1.375 0.5582 1.804 1.157 1.66
14 41.44 30.00 3B.17 2667 3411 33.78 1.375 0.882 1.804 1.1587 1.47
15 4061 31.72 3417 29.44 34.94 3467 1.375 0.882 1.790 1.148 1.50
16 4350 3217 35.33 29.44 36.00 35.78 1.375 0.882 1.790 1.148 1.42
17 3672 31.39 3272 29.44 33.39 3317 1.375 0.882 1.804 1.157 1.60
18 4233 32.50 31.89 29.44 35.89 35.83 1.6873 1.009 1.804 1.157 1.33
19 3439 29.00 31.78 26.67 31.22 31.00 1.673 1.009 1.817 1.165 1.49
20 4033 30.44 3361 2667 3422 34.00 1.673 1.009 1.806 1.158 1.37
21 35.28 2772 347 2389 30.56 30.33 1.573 1.009 1.831 1.174 1.41
22 4028 28.89 30.83 2389 33.00 3289 1.6573 1.009 1.831 1.174 1.35
23 3322 25.50 28.83 21.11 28.44 28.22 1.873 1.009 1.820 1.186 1.48
24 38.44 26.78 29.50 2111 31.06 31.00 1.673 1.009 1.851 1.187 1.43
25 2933 24.33 2967 2111 26.94 26.50 1.767 1.133 1.851 1.187 1.62
26 3BE7 26.33 31.94 2111 NN 3072 1.767 1.133 1.838 1.178 1.44
27 3456 27.33 3067 2389 3067 30.50 1.767 1.133 1.834 1.176 1.60
28 3889 28.44 311 2389 33.06 3283 1.767 1.133 1.834 1.176 1.48
29 3661 29.44 32.50 2667 3272 3239 1.767 1.133 1.813 1.163 1.55
30 41.00 30.50 32.84 26.67 35.06 34.89 1.767 1.133 1.813 1.163 1.44
31 38.83 31.89 31.78 29.44 35.00 34.83 1.767 1.133 1.806 1.158 1.46
32 4306 3272 3311 29.44 37.06 36.94 1.767 1.133 1.804 1.157 1.42
33 2872 24.22 29.00 2111 2667 2617 1.964 1.259 1.851 1.187 1.62
34 34580 26.22 30.50 21.11 30.23 29.94 1.964 1.259 1.891 1.187 1.81
35 3367 2739 32.00 2389 3061 30.28 1.964 1.259 1.827 1.171 1.54
3B 3822 28.78 3278 2389 3317 3289 1.964 1.259 1.840 1.180 1.40
37 3N 29.72 311 2667 3272 3239 1.964 1.259 1.820 1.167 1.48
38 4022 30.78 31.33 26.67 35.00 34.89 1.964 1.259 1.820 1.167 1.37
39 372 31.22 3311 29.44 33.39 3322 1.964 1.259 1.804 1.157 1.50
40 4050 32.56 33.61 29.44 36.11 36.00 1.964 1.259 1.806 1.158 1.35
41 39.56 30.11 32.06 2667 34.28 3417 1.673 1.009 1.673 1.009 1.51
42 3950 30.06 31.06 2667 3394 33.89 1.673 1.009 1.641 1.052 1.48
43 39.44 30.00 33.33 2667 3394 3378 1.573 1.009 1.729 1.109 1.50
44 3978 29.67 3167 2667 3467 34.56 1.673 1.009 1.478 0.948 1.47
45 39.06 29.83 34.56 26.67 3372 33.33 1.873 1.009 1.806 1.158 1.57
46 3922 29.44 35.50 26.67 33.83 3381 1.6873 1.009 1777 1.139 1.54
47 3889 29.50 3167 2667 33.28 3317 1.673 1.009 1.874 1.202 1.64
43 3894 29.33 3278 2667 33.33 33.22 1673 1.009 1.843 1.182 1.62
49 3878 29.33 35.00 2667 33.28 3289 1.673 1.009 1.973 1.265 1.65
50 3878 29.33 35.00 2667 33.28 32.89 1.573 1.009 1.950 1.250 1.65

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]:

D

exp

2
D - D sim
P 2x)

RMSRE =

Eq. 3-34
n

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

hot and very dry.
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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.
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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.
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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.

% Collectors

e
- [ Distribution
\! jﬁ ﬁ Systermn

Ground Heat Exchanger |

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].

4.1.1Simulation 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.

Fluid

section j m

(Ui - T)

Qmﬂ

l'i'leL" ])(I Il-l = TDJ

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,
dtrrysys, 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 dtrgysys.
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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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Qrp (OUT)
. Q.BackFace{OUT}

QLettrace (IN) {—/ Qrightrace (OUT)

QFantFace{IN} QBDttDm{IN}

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.

4.1.2Sensitivity 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.
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. . ' N e
Cf Equations

L g " IN-Flow Pump
USER H
INPUTS HeatExchanger
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OUT-Flow Typeos2 Plotter
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e j; e

Display Heat Rejected

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.
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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.
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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.

58




CHAPTER 4 Alternative Heat Rejection Technologies

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.

Thermal Specific Density Thermal
Conductivity Heat Diffusivity
[W/m-K] [J/kg-K] [ke/m?] [m3/day]
Rocks
Dense Rock 3. 46 840 3200 0. 111
Dense Concrete 1.73 840 2400 0.073
Igneous Rocks
Granite (10% Quartz) 1.9-5.1 879 2640 0.084-0.12
Basalt 2.1-2.4 712-879 2880 0.065-0.084
Gabbro 1.6-2.8 753 2960 0.060-0.107
Sedimentary Rocks
Dolomite 1.6-6.2 879 2720-2800 | 0.10-0.21
Limestone 1.4-6.2 920 2400-2800 | 0.093-0.13
Heavy Seoil
Heavy Soil, Damp 1.3 960 2100 0.056
Heavy Soil, Dry 0.87 840 2000 0.045

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.
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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].

Dry Thermal Thermal Thermal Thermal Thermal Thermal
Density Conductivit Diffusivity |Conductivit Diffusivity |Conductivit Diffusivity

[ke/m?] [W/m-K] [m3/day] [W/m-K] [m3/day] [W/m-K] [m*/day]

Soil Type 5% Moist 10% Moist 15% Moist

Coarse 100% 1900 2.1-3.3 0.089-0.14 2.4-3.5 0.086-0.12 2.8-3.8 0.085-0.11
1600 1.4-2.4 0.072-0.12 2.1-2.6 0.089-0.11 2.3-2.8 0.083-0.10
Sand 1300 0.9-1.9 0.056-0.12 1.0-1.9 0.056-0.10 1.0-2.1 0.047-0.093
Fine Grain 100% 1900 1.0-1.4 |0.045-0.060| 1.0-1.4 |0.037-0.04%| 1.4-1.9 |0.043-0.059
1600 0.9-1.0 |0.045-0.054| 0.9-1.0 |0.037-0.045| 1.0-1.2 |0.034-0.045
Clay 1300 0.5-0.9 |0.033-0.056| 0.6-0.9 |0.033-0.047| 0.7-0.95 |0.032-0.044

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

k
4 a

24.3600"

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/m? 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].

Buried noded pipe
Description Parameters Value Units
Length of buried pipe 400 [m]
Inner diameter of pipe 0.034 [m]
Outer diameter of pipe 0.040 [m]
Medium-density polyethylene Thermal conductivity of pipe material| 0.4 [W/m-K]
Buried pipe depth 1.5 [m]
Density of fluid 1088 [ke/m?]
Antifreezing water mixture: Thermal conductivity of fluid 1.803 |[kJ/h-m-K]
25Vol.% MonoethylenGlykel - Water |Specific heat of fluid 3.846 [kJ/h-K]
Viscasity of fluid 4.68 [ke/m-h]
Fine grain 100% Clay Thermal conductivity of soil 6.84 [[kJ/h-m-K]
with 15Vel.% Meisture Density of soil 1900 [ke/m?]
Specific heat of soil 1.464 [kJ/h-K]
Average surface temperature 17 [*C]
Amplitude of surface temperature 7 [*C]
Day of minimum surface temperature 32 [day]
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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.

% Collectors

| Distribution
] System

Swimming Pool

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].

4.2.1Simulation 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.

62




CHAPTER 4 Alternative Heat Rejection Technologies

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:

dH

? = Z(Qinlet - Qoutlet) 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:

dT
pwatercp,wateeroo/ [E\J = Z (Qz’nlet - Qourlet) 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:

Tamb RH%,amb

Meyap Qeon Qrad  Eslob,H

Mirocr ﬂ_\ H : 'Qheat
reshiu b u ._ :I
B

Tfreshw

—>
Swimming Pool

Qeons

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:

e Heat flow rate by evaporation due to the mass flow rate of the water loss by
evaporation, i.e. Meygp;

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

e Heat flow rate by short-wave radiation due to the solar radiation on horizontal
surface, i.e. Egop,n;

e Heat flow rate by long-wave radiation, Q,qq;

e Heat loss by fresh water supply due to the mass flow rate of the fresh water,
Miresh water, NAVING @ temperature, Tjresh waters

e Heat flow rate from heating, Qneqt;

e Thermal conduction to the ground, Q.ong;
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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.

4.2.2Sensitivity 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.

| miFow Puamp
HeatEachanger
Swimming Pool |Type_07 | Type_08| Units L P——— _
Length 11.25 | 8.5 [m] |- i B
-plowr

Width 4 4 [m] ‘ N

Weather Conditions = - -
Depth 1.3 1.3 [m] 3 e gu;‘i
Surface 45 34 [m?] ¥ Display Equations Heat Réj;cted
Volume 58.5 44.2 [m?] o ~

INFUTS P~ ’ )

| IN-Flow2 ~ Pump2

HeatExc;nanger—E

Swithining Pool-08

QUT-Flow-2

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.

T_er;ui::ur:s Heat transfer rates
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% _!Ia' |‘ | -
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\ |I'|| | \ »k'd“;lll /. ‘Jﬁll"r; Y]
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Slmulmnﬂmn =5832.00 [hr]

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.
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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 mZ2.

Each floor height is 2.5 m.

LL
0

7.7 South Facade

2.5
]
O

West Facade

East Facade

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.

Facade Area
Dimensions Floor Area Volume
(N-5) (E-W)
L H W LxW WxH LxH LxHxW
[m] [m] [m] [m=] [m=] [m=] [m’]
Ground Floor 7.7 2.5 10.6 82 25.2 19.2 205
First Floor 77 2.5 10.6 82 255 19.2 205
Summary 10.6 164 50.4 38.4 410

The glazed area on the south facades amounts to 48 % of the total facade area, 14 %
on the east and west facades and 21 % on the north facade. Both storeys are

simulated as one common thermal zone.

5.2 Facade Structure

5.2.1Wall 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].

Resistance Minimum
Below Room {UNI EN 1264-4) Thickness
[m2 krw] [mim]
| Heated Room 0.75 19
m*c J.Pl'.l'. w'c
. = I - | Cold Rooms Ground 1.3 31
i0°C 0°C
Jil | @ v T=0°C 1.3 31
10°c | IV | -15C<T<AC 1.5 38
v A C«T=<0C 2.0 50

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.

L Material Thickness Density Conductivity Capacity
ayer ateria
Y [m] [ke/m3] [kJ/h-m-K] [k J/ke-K]
1 Ceramics 0.010 2000 4.32 1.00
2 Concrate Floor 0.033 1500 4.20 0.84
3 Active Layer 5 - = %
4 Concrete Floor 0.033 1500 4.20 0.84
5 Insulation Panel 0.033 35 0.08 1.47
6 Polyurethan 0.001 40 0.13 1.47
7 Concrate Floor 0.150 1500 4.20 0.84
Total thickness
0,260
[m]
U-value
R 0.535
[W/m-=>-K]
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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.

Layis Sataiat Thickness Density Conductivity Capacity
[m] [ke/m3] [kJ/h-m-K] [kJ/kg-K]

1 Gypsum Plastic 0.012 1200 1.50 0.84

2 Bricks 0.240 1500 2.38 0.84

3 Palyurethan 0.040 40 0.13 1.47

4 Bricks 0.240 1500 2.38 0.84

5 Gypsum Plastic 0.012 1200 1.50 0.84

1—<] Z N\,~—4

& ™ Total thickness

/( 7\ - 0.544
AN T

2 T \;.

™~ /;g\ 7 u-Value

[W/mK]

0.485

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.

Lsyer ] Thickness Density Conductivity Capacity
[m] [ke/m3] [kJ/h-m-K] [kJ/kg-K]
Gypsurm Plastic 0.010 1200 1.50 0.04
2 Bricks 0,160 1500 2.38 0.34
Gypsurm Plastic 0.010 1200 1.50 0.4
s
N ~3 Total thickness
y 0.180
’ \') [m]
)’l‘lr
: u-Value
X 2.174
[W/m=K]
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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.

L ayak Shaiaeial Thickness Density Conductivity Capacity
[m] [ke/m3] [kJ/h-m-K] [kJ/kg-K]

1 Gypsum Plastic 0.012 1200 1.50 0.84

2 Concrete 0.150 1500 4.20 0.84

3 Polyurethan 0.080 40 0.13 1.47

5 Roofdeck 0.030 530 0.50 0.9%0

Total thickness

0.272
[m]
u-Value
“ 0.363
[W/m-3K]

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.

Lager T, Thickness Density Conductivity Capacity
[m] [ke/m3] [kJ/h-m-K] [kJ/kg-K]
1 Cement Mort 0.200 2000 4.50 0.84
2 Polyurethan 0.001 40 0.13 1.47
3 Insulation Panel 0.023 35 0.08 1.47
4 Concrete Floor 0.033 1500 4.20 0.584
5 Active Layer - - - -
6 Concrete Floor 0.033 1500 4.20 0.84
7 Ceramics 0.010 2000 4,32 1.00

Total thickness

0.300
[m]
u-Value
= 0.686
[W/m?3K]
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5.2.2Windows

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.

Winld 2001
U-Window 1.4 Wim 2K
g-Window 0.589

Frame 15 %
U-Frame 2.27 WimzK

Construction 4-16-4 mm

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].

Internal gains by person, 150 7730 seated at rest, SFH

L Ny ' ' ' o
364 “\ /__q/'—“ 4180
R A i 1
o e = /___---150
284 - o 4 140
T '- Vi 1 =
= 244 % 11 =
7 II'\. / ﬂ I i £
3 = il ol 1% 5
E 16 ) {s0 B
] L =
8 1] ‘ 1o &
= h £ T =1 (0 —
- _
0.8 “ H| H i | a0
0.4 JU | —®%— 5Um gains person _- 20
[ number person |_| u H s e ganse
0.0 | |_|,|_|,|_|||J|_| I NN NN N RN detvgans |y
0 5 10 15 20 25

hour [h]

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.

Occupancy
Hour of the day | Ground First Total
0, Q0 07 00 1.5 2 3.5
OF 007 15,00 1 1 2
15.00/24.00 1.5 2 35

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
e Sensible heat: 60 W/person
o Convective gains: 40 W/person
o0 Radiant gains: 20 W/person
e Latent heat: 40 W/person
0 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.

73



CHAPTER 5 Reference Building and Distribution

Inlet Flow
| <
f P

|
f Outlet Floor

J

. w

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.

5.4.1Heating 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.
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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/m?2.

5.4.2Loop 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/m?2 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.

Rt Inlet Temperature
[m2 Krw] —
10 cm 15 cm 20 cm 10 cm 15 cm 20 cm 10 cm 15 cm 20 cm
0.01 43 ar 3z 13 A7 49 1M BT =]
0.035 a8 33 29 5E a1 45 a5 K] 6a
0.06 34 30 26 51 da A0 k] 70 62
0.085 a0 27 24 4g 42 47 70 63 ja13]

The required mass flow rate has been calculated with Eq. 5-1 considering a AT of 5°C

between inlet and outlet temperature.

m= Eqg. 5-1
c AT a

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.

Layer Type Manager
[ tvervee [HEATING
laver type iz used in autozegmentation
" Maszive Laye gl SEr (* Active Layer ' Chiled Celing

Active Layer

specific heat coefficient of water | 418 kl # kg K

pipe spacing [center to center] f ﬁ | m

pipe outside diameter:

pipe wallthickness:

pipe wall conductivity:

| 136 kl/hmK

[T ies

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.

Min. Inlet Mass Flowrate

Infa zpecific value abzolute value
mit.desired inlet mass fowrate [>0): 05 kg /hm™2 .00 kgth

min. allowed inlet mass flowrate [>0]; 0.02 kg Ahm™2 174 kgt h

— Autosegmentation

1 wn UNDO sum of all segment areas: 8200 m"2

126 27 28 29 30 31 32 33 .34 35 36 37 .38 33 BB 6370 71 72 73
suface no. of segments: |74 .75 76 77 78 .79 B0 81

oK I Cancel | contributed by EMm°

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.

Slope | Azimuth Facade
Angle Angle
Surface 1 0 180 Morth
Surface 2 90 0 South
Surface 3 a0 270 East
Surface 4 0 a0 West
Horizontal 0 - Horizontal

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.

y Weather Data
Pl .
Tin
SolarCombi+ @ Min
e
[ Building

(2]

Tnut

. mout
\ Tindoor

1/0 Signals ;;’p‘
Logic

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.

Chilled
Water - —)
...... = ‘_-_._ 'i
1 HOiIJSE Build_Ou
Hot Water _
Circuit Type3l-4 Typedl-5
I.\‘ .
> i
Typellh-3 ! P'Eﬁj Hm):-—
b
From .
Storage - l
110 Signals
To Storage

Figure 5-8: Building circuit.
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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.

t T MEE Y
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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/0 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].

- “ (i. PCH (E< IW Valve

C #  CoclON . L-u:i: \_.E -I”'""”
Building sy, i / l- |

HeatOH

\ Starage StoreSens
] SN

BoilerON === -S=- f

Boiler
Callectors

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

6.1.1Primary 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 PS7 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].
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Figure 6-4: Primary and secondary solar loops.
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The variable speed pumps PS7 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/m?2, 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/m? 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.

Solsig

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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6.1.2Storage 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:

e 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;

e Heating circuit ports: the outlet flow goes to the boiler and returns at an higher
temperature (charging mode);

e 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);

e DHW preparation ports: work as loads ports (discharging mode).
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Figure 6-6: Storage management.
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The temperature inside the storage is monitored by sensors located at several fixed

heights:

e Sensor 1 placed at the top and represents the maximum temperature in the
storage;

e Sensor 2 placed at 90% of the store height;

e Sensor 3 placed at 70% of the store height;

e Sensor 4 placed at 40% of the store height;

e Sensor 5 placed at the bottom of the store.

For storage of 2 m3? volume a height of 2.3 m has been considered.

6.1.3Boiler 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.
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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.

6.1.4Load circuit

The mass flow rate directed to the chiller or to the radiant floor goes out from the

second port of the storage buffer.

Hot water
circuit

|

Storage } Building
&, -
'\"{. >~ %
— Typellh2
Type3l-8 Typellt

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:

T _SET _VALVE = max(35-0.5-(T_ext),35)- HEAT _REQ +

6-1
+95- ChillerSign + (T_ret +1) - eql(HEAT_REQ,0) - eql(ChillerSign,0)

Eq.

Where:
e 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.

6.1.5Loops 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 AAt. 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].

6.1.6Domestic 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].

Tool to Generate Domestic Hot Water (DHW) Profiles EXIT
DHW-calc by Ultike Jordan and Klaus Vajsn

it fessuini-assel. dey ™ solar
Developed in the framework of the IEA-SHC Task 26

Wersion 1.10

Supporied by the German Federal Ministry of

< Single-Family House (or functional building) Gl Tt T

" Multi-Family Houses

No. of househalds

No. of categories e Total mean daily draw-off volume  [200 liday
Time step duration |6 | yin Daylight seving time (1. Apr. - 31. 06t | & Ly
Startday of profile 1 © don't apply
lot= ot tonipiafils) [365 days File name of profile DHWO0001

set probability distribution
set flow rates. efc.

Generate Loadprofile

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.

6.2.1Heating 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:

e Design minimum temperature, e.g. -5°C for Milan;

e 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:

=35-06-T

outdoor

T,

IN ,radiant floor

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.
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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.

6.2.2Cooling 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.

6.3.1Base case

The “base case” has a collector area of 40 m* with a storage volume of 2 m?, 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.
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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.

6.3.2Performance 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]:

e Solar fraction;
e Primary Energy Savings;

¢ Annual Reduction of CO2 emissions;
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o 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:

S ooing = [1— Lo J 1100 Eq. 6-3
chiller,tot
S oatine = 1- Lawsrea_| 109 Eq. 6-4
e Qheatdemand
S =1 Qo pitw 100 E
o =|1-———— | q. 6-5
DHWdemand

The Total Solar Fraction is calculated as the weighted mean of the three

contributions.

Sf _ (Sf;ooling ’ Qchiller,mt + Sﬁleating ) Qheatdemand + SfDHW,mtal ) QDHWdemand
total

Qchiller,tot + Qheatdemand + QDHWdemand

}.100 Eq. 6-6
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Where:
o Quxcoor is the energy produced by auxiliary heater to drive the Thermally driven
chiller within SolarCombi+ system [kWh];

o Qchiter,tor 1S the total energy required to drive the Thermally driven chiller [kWh];

Primary energy savings

The PEqings 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:

PEsave = APE/bs'sil + AI)Eelectricity [kWhPE] Eq . 6-7
With:
AP Eﬁ)ssﬂ — Qheatfossil reference Qaux,mt [kWhPE] Eq 6-8
. 7/]boiler : Cwnversian, fossil
P -P
APEeletricity — ( el.ref ,tot el.sc,tot j [kWhPE] Eq 6-9
Cconversion, elec
PE
RelativePE ,, = ——*— [%] Eg. 6-10
PEreférenced
And with:
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PEreference = Qhw?f‘”“lv'ef + re.tol [kWhpE] Eq 6-11
C C

boiler conversion, fossil conversion,elec

Where:

®  Npoiter 1S the efficiency of the auxiliary boiler, 0.9 [-];

®  Qneat fossi,reference 15 the sum of the heat demand for space heating and Domestic
Hot Water preparation in the conventional system [kWh];

o  Quxtot 1S the energy produced by auxiliary heater within SolarCombi+ system
[kWh];

o Ceonversionfossity Cconversionetec @re the primary energy conversion factors for heat and
electricity from fossil fuel, 0.95 kWhheat,fossit/ KWhpg and 0.5 kWheiec fossit/ KWhpe

And

Pel,ref,tot = })el,ref,Boiler + })el,ref,chil[er Eq 6-12

Pl.SC+,mt = PC +PB +PHR +I)el,chiller +})el,CT +PSl/2 +P,

e el,Boiler

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 ne, torar is given by:

(Qcold +Qheat,demand + QDHW,demand )
(B + Pur + By chiver YEier t Pupsro T F + By + B) Eq.6-14

el,Boiler

;7 el, total,
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Where:

e Pc is the electricity consumed by pump serving the feeding of the Thermally
driven chiller [kWh];

e Pyris the electricity consumed by pump serving the heat rejection loop [kWh];

o Pe chitier is the electricity consumed by the chiller [kWh];

o P cris the electric power of fan cooling tower [kWh];

e Psq; is the electricity consumed by pumps serving the two solar loops [kWh];

o Pe goiter is the electricity consumed by boiler [kWh];

o Ppyy is the electricity consumed by the pump serving the domestic hot water loop
[kWh];

e Pgis the electricity consumed by pump serving the boiler [kWh];

o  Peiref,chitier cOUld be the electric consumption if a reference compression chiller
would be installed [kWh].

Annual reduction of CO2 emissions

The CO;save is the annual reduction of CO, 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:

C 0 _ AP E fossil APEelectricity
2,save - + Eq 6-15
: Co, Co,

conversion, fossil conversion, elec

With:

o COjzconversion,heat fossit. 1S the emission rate for production of fossil fuels, 0.25
[kgco2/kKWhee];

o COyconversion,conventional,elec 1S the emission rate for production of conventional
electricity, 0.5 [kgcoz/kWheg].
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6.3.3Different 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 m? of collectors’ area and 2 m® of storage volume. In F the

yearly room temperature profile.
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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:
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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.

Solar Fraction |Stagnation|n electr. PE save
COZsave
Cooling| Total Time total PE;sve | PErer |Relative
[*] [%] [hr] [[1  |[kWhee] | [kWhee] | [%] | [kecool
Standard T T 70.3 59.8 13.3 4092 15600 26.2 2388
Without TIME F A2 #0:3 5953 A5 3859 15545 24.8 2318

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.
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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 m? 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.

6.3.4Different 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 m? and 45 m?, 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.

Solar Fraction|Stagnation |n electr. PE save
CO2save
Cooling | Total Time total PEsave | PErer |Relative
[=1 | [%] [hr] [-]  |[kWhpe]|[kWhee]| [%] |[kgCO2]
35 62.7 62.0 38.0 12.2 1361 15469 3.8 1663
Solar
collector 40 72.2 70.3 59.3 L) 3859 15545 24.8 2318
arealm) 4o | 788 |763| 9043 12.9 | 5761 | 15666 | 36.8 | 2822

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.
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e
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6.3.5Storage buffer volume

Starting from the best collectors area obtained in the previous step, i.e. 45 mZ2, 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.

Selar Fraction|Stagnation |n electr. PE save
CO2save|
Cooling| Total Time total PE ave PE..s |Relative
[=] | [%] [hr] [-1  |[kWhe] | [kWhe]| [*%] |[kgCO2]
1.5 5.2 | 72.9 102.0 12.6 4669 15628 29.9 2536
Storage
Volume 2 78.8 76.3 94.3 i 2761 19666 36.8 2822
[m?]
2.5 81.2 78.4 78.5 131 6342 15603 406 2966

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%.

100 4

%]
3

N -
0= .

Solar Fraction nelectric, total Relative PEsave

[l1.'§ m? Storage volume M2 m* W25 m*|

Figure 6-22: Performance figures for different storage volumes.

The previous results suggest using a storage volume of 2.5 m? 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:

e Dry air Cooler, DC;

e Hybrid solution where a dry air Cooler is coupled with a fogging device, HC;
¢ Wet Cooling tower, WC;

e 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:
e Solar Fraction;

e Primary Energy Savings,

e Electric Efficiency;

e Reduction of CO; emissions.

For more details about the calculation of these data, see paragraph 6.3.2.

7.1.1Solar 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.

Milan Solar Fraction [%]
45m= & Zm? Cooling Heating DHW Total
DC 78.5 70.8 72.6 76.6
HC 78.3 70.8 72.5 76.5
WC 79.5 70.8 72.8 77.4
HGP 78.4 70.6 72.5 76.5
SP 80.3 70.9 731 78.0

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.

|mcm|mg B Heating (1IDHW M Total |

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 m? solar collector area and 2 m? storage volume

SF [%]

HC

DC
| B Cooling MHeating CIDHW M Total |

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.

7.1.2Annual 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.

Milan Annual primary energy saved [kWh] [%o]
45m? & 2m? | APE¢ossit | APEatec |PEssved | PEres RelPE,uped

DC 428 5763 6191 165577 39.7

HC 405 5988 6393 | 15742 40.6

WC 677 5510 6187 | 15664 395

HGP 357 5422 5780 | 15460 374

SP 806 5046 5852 | 15598 375

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.
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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.
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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.

7.1.3Electric 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.

Milan Yearly consumption [kWh] Electric efficiency [-]
45m* & 2m?| Py sc. tatal Pei,ref tatal Cooling Heating Total Reference
DC 1240 4122 13.2 61.5 15.1 3.3
HC 1215 4209 13.8 60.1 15.5 3.3
WC 1415 4170 11.3 60.1 13.3 3.3
HGP 1363 4074 11.7 60.4 13.7 3.3
SP 1609 4132 9.7 59.0 11.8 3.3

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.
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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.

DC HC WC

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.

7.1.4Annual reduction of CO, emissions

The annual reduction of CO, 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 CO,
emissions. In Figure 7-7 and Figure 7-8 a graphical representation of the results is
summarized.

3200

3095

2801

714

DC HC WC HGP I SP
Figure 7-7: Reduction of CO, emissions obtained with several heat rejection technologies.
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Figure 7-8: Reduction of CO, emissions obtained in Rome.
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7.2 Economic Results

7.2.1lnvestment 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.

e Evacuated Tube collectors
Nowadays in Europe the prices oscillate around a value of 1000 €/m?. For the analysis
within this thesis a price around 600 €/m? has been considered since this value can

respect the trend of the next years.

e 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.

e Thermally Driven Chiller
The price of a small TD chiller is currently around 1300 €/kW_piuing. 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.

e 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 €/m? 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.

SC+ Installation Costs
Milan 45m- & 2Zm?
Evacuated tubes 17000 €
Storage buffer 3400 3
TDC 11700 3
Heat rejection 4000 €
Auxiliaries 9000 €
TOTAL 55100 €
Reference Installation Costs
Chiller | e000 | €

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.

7.2.20perating costs

The annual operating costs, Coper,annuat » fOr @ SolarCombi+ system are calculated as

follows:

COP”r“””’/al - QfOSSil.Cﬁ/@l—i_Qel.'Cel.—i_ Mwater.cwater + Cmainten. Eq 7-1
where:

e Qossit is the annual fuel consumption;

e (e is the cost of natural gas;

e Q.. is the annual consumption of electricity of all the electrical components of
the system;

e (.. is the cost of electricity;

e Myater is the total volume of water;

e Cyater is the cost of water;

e Crainten. 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 m? per year. The fuel cost is calculated starting from the
conversion factor of 10 kWh/m? 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.

SC+, Energy from boiler REF, Energy from boiler
Milan Total consum. | Total costs Heating DHW Total costs
[kWh] Costs [€] [kWh] [kWh] Costs [€]

DC 5905 319 4191 2080 339

HC 5917 319 4183 2080 338
WC 5684 307 4183 2080 338
HGP 5947 3 4172 2080 338

SP 5582 30 4190 2080 339

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.

Residential contract

Annual consumption| 3 kW Peak power |4.5 Peak power

[kWh] [€] [€]
1200 173 286
2700 399 529
3500 584 703
Final Electricity Price to the Consumer
Without Taxes 0.1961 €/kWh
Taxes 0.024 €/kWh
Total 0.2201 E€/kWh
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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.

SC+, Electricity REF, Electricity
Milan Total consum. | Total costs Heating Total costs
[kWh] Costs [€] [kWh] Costs [€]
DC 1240 273 4122 907
HC 1215 267 4209 926
WC 1415 3 4170 917
HGP 1363 300 4074 896
SP 1609 354 4132 2909

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.

SC+, Water
Milan Total consum. | Total costs
[m?] [€]
DC 0 0
HC 3 5
WC 65 98
HGP 0 0
SP 122 183
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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.

Milan Fuel Electricity Water Maintanan. | Total costs
45m- & 2Zm? [€] [€] [€] [€] [€]
SC+, Operating costs

DC 319 273 1] 250 842
HC 319 267 5 250 842
WC 307 311 98 250 966
HGP EVA | 300 1] 250 871
SP 301 354 183 250 1088
REF, Operating costs
DC 339 907 1] 100 1345
HC 338 926 0 100 1364
WC 338 917 o] 100 1355
HGP 338 896 o 100 1334
SP 339 209 0 100 1348

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.

7.2.3Payback 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:

Al Eq. 7-2
T O — q -
payback
ACoperating
with:
Aly = 1,1, Eq. 7-3
Acoperating = Coperating,ref - Coperating,SC+ Eq 7-4
Where:

e s, and I are the investment costs for SolarCombi+ and Reference system;
o Coperating,sc+ and Coperating,rer 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.

Milan plant: 55 % SolarCombi taxes reduction and evacuated tube price 700 €/m->
45 m* and 2 m?

Year 0] 1 12 20
Investment costs SC+ 36355 0 0 0
Investment costs REF 6000 0 0 0
Operating costs SC+ 627 627 627 627
Opererating costs REF 1283 1283 1283 1283
Aoperating costs -19699 656 656 656
Actualized cash flow -19699 625 260 247
Cumulative cash flow -29699 -29074 -21772| -21525

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.

Rome plant: 55 % SolarCombi+ taxes reduction and evacuated tube price 500 €/m-
45 m- and 2 m?

Year 0 1 19 20
Investment costs SC+ 23175 0 0 0
Investment costs REF 6000 0 0 0
Operating costs SC+ 682 682 682 682
Opererating costs REF 1651 1651 1651 1651
Aoperating costs -16206 969 9269 269
Actualized cash flow -16206 923 384 365
Cumulative cash flow -16206 -15282 -4489| -4123

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.

7.2.4Cost of primary energy saved

The Cost of Primary Energy saved, Cp, 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.

C

C _ annual ,SC+ - Canm«al,reference
PE —

PE

Eq. 7-5

saved

Where:

e PE,.q See paragraph 6.3.2;
e  Canua 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).

annual, reference = a: I!‘(ff+ b : Coper.urmual,re_/' + d : Cma inten,ref Eq 7-6
Carmual,SC+ = a- [SC++b : Coper,annual, SC+ + d : Cmainten,SC+ Eq -7
and
1+4)" i
a= # ~8% Eqg. 7-8
@+H"-1
Where:
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o | take into consideration compression chiller and planning costs;

e Isc. stays for solar collector, storage buffer, auxiliaries, thermally driven chiller,
heat rejection component and planning costs;

o Coper,annuat Nd Crginten S€€ previous paragraph;

e ais the annuity factor;

e b is the increase price of the sources, 5 %;

e dis the inflation rate of the money, 2.5 %;

e jis the annual interest, 5%;

e nis 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.

Milan | No incentives| 55 % SC & 700 €/m? | 55% SC+ & 700 €/m? | 55% SC & 500 €/m? | 55% SC+ & 500 €/m"
[€/kWh/a] [€/kWh/a] [€/kWh/a] [€/kWh/a] [€/kWh/a]
DC 0.562 0.249 0.131 0.197 0.031
HC 0.540 0.237 0.122 0.186 0.029
wC 0.593 0.280 0.161 0.227 0.043
HGP 0.614 0.279 0.152 0.222 0.036
SP 0.663 0.332 0.207 0.277 0.057

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.

Rome| No incentives| 55 % SC & 700 €/m? | 55% SC+ & 700 €/m? | 55% SC & 500 €/m? | 55% SC+ & 500 €/m?
[€/kWh/a] [€/kWh/a] [€/kWh/a] [€/kwh/a] [€/kWh/a]
DC 0.391 0.135 0.039 0.092 -0.002
HC 0.350 0.114 0.024 0.074 -0.007
wC 0.413 0.164 0.070 0.122 0.013

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.

@ Three different
Energy flux meters

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 m? 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.

Annual thermal energy

Rome - 45m? & 2m’ [kWh] [] |
Space Heating 915 3.7 "Conto Energia”
Space Cooling 21761 87.9 4037.9 [€]
DHW preparation 2080 8.4 20197 [kWh]
TOT thermal loads 24756 100 0.200 [E/kWh]
Auxiliary boiler 4558 |
Sources price
Final solar thermal energy 20197 100 [€/kWh] [€]
Electric 17754 87.9 0.220 3906
Thermal 2443 12.1 0.054 132
Annual money savings 4038

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”.

Rome plant: Government subsidies with formula "Conto energia” and evacuated tube price 500 €/m-
45 m* and 2 m?®

Year 0 1 10 1 19 20
Investment costs SC+ 51500 1] 4] (1] 1] 0
Investment costs REF 6000 ] 0 1] 1] 0
Operating costs SC+ 682 682 682 682 682 682
Opererating costs REF 1651 1651 1651 1651 1651 1651
Conto energia 4038 4038 4038 4038 (1] 0 1] 0
Aoperating costs -40493 5007 5007 969 969 969
Actualized cash flow -40493 4769 3228 595 403 384
Cumulative cash flow -40493| -35724 -132 463 4310 4694

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 CO, 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.

130



CHAPTER 8 Summary and Conclusion

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

SUBROUTINE TYPES78 (TIME, XIN OUT,T,DTDT,PAR, INFO, ICHTEL, *)

THT:
U=l
EXC

5 ROUTINE DETERMINES THE THERMAL PERFORMANCE OF A DRY AIR COOLER=
NG AN EFFECTIVENESS MODEL AS DESCRIEED IN "AIR—COOLED HEAT *
HANGERS AND COOLING TOWERS", KROGER, PennWell 2004 *

M

X
X
hid
X
X
D
I
hid
X
X
X
I
bid
X
it

PARAMETERS
ODE = SIMFLE OR DETAILED CALCULATIONS
HROWS

NTUEES
LT

NUMEEE OF ROWS OF TUBES

NUMEER TUEES PER ROW

LENGTH OF TUEES IN EACH ROU

WD WIDTH OF DUCT FERPENDICULAR TO THE TUBES
Do TUBE OUTER DIAMETER

IINT = TUEE INNER DIAMETER

KT TUBE THERMAL CONDUCTIVITY

FT FIN THICKNESS

FS FIN SPACING

HEINS NUMEEE OF FINS ON ONE TUEE

KF FIN THEEMAL COMDUCTIVITY

FMODE CONTINUOUS FLAT FLATE OR ANNULAR FINS
ADIST DISTANCE EETWEEN TUBE CENTERS ACROSS ROW
DE DIAMETEE OF ANNULAR FIHN

CDIST DISTANCE BETWEEN TUEE ROW CENTERLINES (FLOW DIEECTICH)

Copi

right & 2009 European Accademny of Bolzano and Uniwversity of Bergamo. All rights reserw

il

RHS¥S acess functions (allow to acess TIME etc. )
TSE TrnsvysConstants
TSE TrnsvysFunctions

E

EQUIRED EY THE MULTI-DLL VERSION OF TRNSYS
|DECSATTRIBUTES DLLEXPORT :: TYFES7E

T

1

RNSYS DECLARATIONS

IMPLICIT HONE

DOUBLE PRECISION XIN OUT. TIME PAR STORED.T DTDT, LDELT

INTEGER#4 INFO(15) NP NI HOUT, WD NFAR, NIN HDEER. IUNIT. ITYFPE. ICNTEL.
HSTORED

CHARACTER#*3 YCHECK, OCHECE

U
o
|

SER DECLARATIONS — SET THE MAXIMUM NUMBER OF PARAMETERS (MP), INPUTS (HI),
UTPUTS (NOUT), AND DERIVATIVES (ND) THAT MAY BE SUPFLIED FOR THIS TYFE

PARAMETER (NP=1 NI=7 HOUT=10 HD=0 HSTORED=0}

E

H

EQUIRED TENSYS DIMENSIONS

DIMENSION EIN(NI), OUT(NOUT}), K PAR{NFP) YCHECE(NI). OCHECK{HNOUT).
STORED(NSTORED) . T(HD}) . DTDT(ND}

INTEGER NITEMS

o]

ECLARATIONS AND DEFINITIONS FOR THE TSER-VARIAELES HERE

DOTELE FRECISION
# R RHOR,Z PI.

HROWS, NTUEES, NPASSES, LU, WD, DEXT , DINT,KT.FT.NFINS, KF, ADIST,

CLDIST HFR.PASS. DF . HE MG 4 B.

Tal CPal MHUA K4l

NNF.LD. LT FS HF.LATS AFR.ACVC, ACVFE SIGHA K ACVFE. ACVA ACVY,
DEA4,DEW,TT,DC,DH, AC, AH, AE,

TW1,MWh1l, K TB1,TS1,RFS, PATH,

MW, NF, VOLU, VOLMG, W1 W2, ¥, CPUM, HHUWH , KWM. GWM, TPROF, FRWH . REI FD, HI.
HIT.HIL MA MAST.GA REQ FRA JH HO EFF.EFFD.CA CW, CHIN.CHAX. C. TACY,
U4 NTU NTUF.EF.E. ROAL ROAZ ROAM FAFFI.DFHE. V1.VFR1 DPFSE.DFFS.
DFUD, SOLR,SCLL, G, G1,G2, MAOLD, DisDMA, TOL, PFR1, ETAMEC, PFELL, PFELT. Q,
TW2,PEL, Ta2.QkJ, MaAhl MWhZ, K TAD, MWL, TEZ.HRZ, Mah2,

@ RNUM,DABS. TIMEO, TFINAL, DMA

1
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INTEGER MODE, EMODE. ROUND . IWARN. ITER. THAX
DIMERSION A(4) B(6) MAST(3)

C. LOCAL CONSTANTS
BDATA R-287 08-, RHOR-L. 2., ETAMEC-0. 9., Z-0 .55/, PI-3. 14159~

163 STANDARD CONSTANTS

DATA WROWS-3 .., WTUBES-108.., WPASSES~-12.-, LU~-0.9~, WD-s1.3~

DATA DEXT~10.21E-03-. DINT~9.71E-03~, KT-395.~, FT-1.GE-04/

DATA NFINS-465.., KF-209.-, ADIST~25.4E-3~, CDIST-22E-3~
(o} NEW CONSTANTS

DATA WFR-700.. PASS-580. -, DF-0.608-. HB-<0.1. MG~-0.~

DATA A~4.19857, 2.28571E-04, 2.29889, 4 21058E-03~

DATA B-0.947331, -3.14708. 8.9987E-04, 2.87495,

5.6395E-03, 1.29525E-06-
DATA MAST-1. 20.. 30.-
DATA TOL-1.E-01-, IMAX-200000-, DMA-0.001~

i

C EMODE DETERMINES HOW ERRORS ARE HANDLED FROM CALLS TO THE PSYCH

C SUBROUTINE. IF EHMODE IS: 0 - HO ERROR MESSAGES WILL BE PRINTED,

1 — ERRCR MESSAGES WILL BE PRINTED ONLY ONCE FER SIMULATION,

2 — ERRCR MESSAGES WILL BE PRINTED EVERY TIMESTEMP THAT THEY OCCUR.

BDATA EMODE-1~

STATEMENT FUNCTIONS

ROUND-OFF REAL WUMBERS TO NEAREST INTEGER
EROUND(RNUM) = JFIX(RNUM + SIGH(0.5 RNUM})

CORRELATICN FOR SPECIFIC HEAT FROM ELECTRIC

HEAT TRANSFER AND FLUID FLOW DATA BOOE =
"ATR—COOLED HEAT EXCHANGERS AND COOLING TOWERS" [DETLEV G. KROGER]
APPENDIX A.1 THE THERMOPHYSICAL PROPERTIES OF DRY AIR

FROM -53.15°C TO 106.85°C AT STANDARD ATHOSPHERIC FRESSURE(10132%5 Pa)

OOOOOon Oooor oo

ICPAl(TAl) = 1.045356E03-0.3161783%(TAl+273 . 15)+7 . 083814E-04=
(TA1+273 15 )%=%2-2 705209E-07%{TAL+273 15 )%=3
—— CORRELATION FOR DYHAMIC VISCOSITY FROM ELECTRIC
HEAT TRANSFER AND FLUID FLOW DATA BOOK =
"AIR-COOLED HEAT EXCHANGERS AND COOLING TOWERS" [DETLEV G. KROGER]
APPENDIX 4.1 THE THERMOFHVSICAL PROFPERTIES OF DRY AIR
FROM -53.15°C TO 106.85°C AT STANDARD ATHOSPFHERIC FRESSURE(101325 Hem2)

[siniaialele)

MHUA(TAL) = (2.287973E-06+6.259793E-08=(TA1+273 15
—3.131956E-11%(TA1+273 15 )%**2+8 15038E-15*(TAL+273 15 )==3)
—— CORRELATION FOR THERMAL CONDUCTIVITY FROM ELECTRIC
HEAT TRANSFER AND FLUID FLOW DATA BOOE o
"4IR-COOLED HEAT EXCHANGERS AND COOLING TOWERS" [DETLEV G. KROGER]
APPENDIX A.1 THE THERMOPHYSICAL PROPERTIES OF DRY AIR
FROM -53.15°C TO 106.85°C AT STANDARD ATHMOSPHERIC FRESSURE(101325 Hom2)

[nlelaieiale]

KAL(TAL)Y = —4 937787E-0441 018087E-04%+(TA14+273 154 627937E-ND=
(TA1+273 . 15)#==2+ 1 Z50603E-11=(TA1+273 15 )%=%3

G TRHSYS FUNCTIONS
TIMEO=getSimulationStartTime()
TFIHAL=getSimulationStopTimel )
DELT=getSinulationTineStep()

(& SET THE VERSION INFORMATICH FOR TRHSYS
IF(INFO(7) . EQ.-23 THEN

INFO{12)=16
RETURN 1
ENDIF
c
. [ |
& DO ALL THE VERY LAST CALL OF THE SIMULATION MANIPULATIONS HERE
IF (INFO{%).EQ.-1) THEN
RETURN 1
ENDIF
c 2
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PERFORM ANY 'AFTER-ITERATION' MANIPULATIONS THAT ARE REQUIRED HERE
2.g. =ave wariable= to storage array for the next timestep
IF (INFQ(133.GT.0) THENW

NITEMS=0
STORED{ 1:y=rs it NETENS: w04
CALL =etStorageVars(STORED, HITEHS, INFO)
RETURN 1

ENDIF

()

(Cal

DO ALL THE VERY FIRST CALL OF THE SIMULATION MANIFULATIONS HERE
IF (INFQ(7).EQ. -1 THENW

[ T T v

C. RETRIEVE THE UNIT NUMEEE AND TYPE NUMEER FOR THIS COMPONENT FROM THE INFO ARRAY
o IUNIT=INFO{1)
c? ITYFE=INFO{2)

SET SCHME INFO ARRAY VARIABLES TO TELL THE TRENSYS ENGINE HOW THIS TYPE IS TO WORK
INFO(&)=HOUT
INFO(9)=1
INFO({10)=0

SET THE REQUIRED NUMBER OF INPUTS. PARAMETERS AND DERIVATIVES THAT THE USER SHOULD S
HIN=NI

HPAR=NF

HDER=ND

CALL THE TYPE CHECE SUBRCOUTINE TO COMPARE WHAT THIS COMPONENT REQUIRES TO WHAT IS SO
CALL TYPECK(1l.INFO, NIN.NPAR.NDER)

SET THE VARIAELE TYFPES

THa= TWl = Water inlet temperature [“C]
5y 2 MWhl= Inlet water flow rate [kg-h]
IH3: Tal Drv bulb temperture ["C]

IN4: TE1l Wet bulb temperature ["C]
INS: T51 Sump make-up temperature [“C)
IHe: RFS Felative fan speed [-]

THE:: PATH= Atmosheric pressure [Pa]

OUT1: vz
ouT2: MiTh2
OuT3: FPEL
OUT4: QkJ
OUTS TAD
OUTE : MWL
A7 T2

Water outlet temperature [*C]
tutlet water flow rate [kg-h]
Fan power regquired [LI]

Heat rejection rate [kI<hr]
Adiab outlet temperature [*C]
Water los=s rate [kgshr]
Outlet air dry bulb [*C]

QouTa TE2 Cutlet air wet bulb [7C]
ouTa: HEZ2 Outlet humidity ratioc [-]
CUT10: HWh2= Outlet air flow rate [kgshr]

slsisinialsliainiainnalsiaiaialalaRe)

DATA YCHECK~'TE1','MF1',L 'TE1' 'TE1'. 'TE1', 'DM1'. 'FR3'~
DATA QCHECK~'TE1l', 'MF1',6 'FW3','PW1','TE1','MF1','TE1l",
'TE1' . 'DM1', 'MF1'~

(4 CALL THE INFUT-OUTPUT CHECK SUBROUTINE TO SET THE COREECT INPUT AND OUTEUT UNITS
CALL RCHECK({INFO, K YCHECE K OCHECKE)

i SET THE NUMBER OF STORAGE SPOTS HEEDED FORE THIS COMPONEHT
B HITEMS=0
o CALL =etStorageSize(HITEHS, INFO)
15 RETURN TO THE CALLING PROGRAM
I RETURN 1
ENDIF
. [ |
I Do ATL OF THE INITIAL TIMESTEFR HMANIPULATIONS HERE — THERE ARE HO ITERATIONS AT THE INTL
IF (TIME .1T. (TIMEO + DELT-~2.D0)}) THEN
5 SET THE UNIT WNUMBER FOR FUTURE CALLS

I IUNIT=INFO(1)
ITYEE=INFO(2)
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6 READ IN THE VALUES OF THE FARAMETERS IN SEQUENTIAL ORDER
NNF = ROUND(EAR(1})
Cxx COIL AREAS %%

LD — LENGTH OF DUCT IN THE DIRECTION CF THE TUBE
LT - MODULAR: LENGTH OF TUBES IN EACH ROWS FOR EACH UNIT WITH PASSES
FS - FIN SPACING
HE: «—-ETH -HETGHT.
ATS - CROSS5 SECTICONAL AREA OF ONE TUBE
AFR — FRONTAL AREA
ACVC — SMALL CONTROL VOLUME: MINIMUM FREE FLOW AREL
ACVFR — SHALL CONTROL VOLUME: FRONTAL AREA
AREA RATIO
ACVF - SHMALL CONTROL VOLUME: FIN SURFACE AREL EXPOSED TO THE AIRSTREAM
ACVA — SMALL CONTROL VOLUME:
ACVW - SHMALL CONTROL VOLUME:
DEA — HYDRAULIC DIAMETER: AIR SIDE
DEW - HYDEAULIC DIAMETER: WATER SIDE
TT — TUBE WALL THICKNESS

aialisiatalaliniate el ia e e e aie)
i
=
(%]
=
o=
|

ID = HNF=LU
IT = NNF*LU*NPASSES

FS = 1. ~NFINS

HF = (ADIST-DEXT) 2.

ATS = (PI*DINT*x2-4 )

AFR = LT*WD-NPASSES

ACYC = (ADIST-DEXT)*(FS—FT)

ACYFR= ADIST=FS

SIGHA= ACVC-ACVER

ACYF = 2 #(ADIST*CDIST—(PI*DEXT*%2-4 )
ACVE = ACVF+(FS-FT)*PI=DEXT

ACYY = PI=DINT*FS

DEA = 4. =ACYC*CDIST-ACYA

DEU = 4.=xATS=FSACYY

TT = (DEXT-DINT)~2.

*
*

.
Cxx FAN AREAS
Q@

@ DC — FAW CASE DIAMETER
e DH — FAHN HUE DIAMETER
E AC — FAN CASE AREL
C AH — FAN HUE AREA
C AE — HET FAN AREA
c
DC = DF+0.01
TH = DF-2 =HE
AC = PI%{DCxx2)-4.
AH = PI%{DH%**2)-4.
AE = AC-AH
(G4 " PERFORM ANY REQUIRED CALCULATIONS To SET THE INITIAL VALUES OF THE OUTPUTS HERE
{55011 i TW2 = Water outlet temperature [*C]
QU2 HWh2= Outlet water flow rate [kg-h]
= QUT3: FPEL = Fan power required [kU]
= QUTY QkJ = Heat rejection rate [kJI-hr]
(TS TAD = Adiab outlet temperature [*C]
= OTE: HWL = Water los=z rate [kg hr]
G OUT R Ta2 = Outlet air dry bulb [*C]
C QuTa: TEZ2 = Dutlet air wet bulb ["C]
G OUTY: HRZ2 = Outlet humidity ratio [-]
C QUT10: HWh2= Outlet air flow rate [kg- hr]
QUT(1) = KIN(1)
CQUT{2) = XIN(2)
QUT(3) = 0.
CUT{4) = 0.
QUT(E) = 0.
CUT{E) = 0.
QUT{?) = KIN(2)
CUT{8) = 0.
QuT{9) = 0.
CUT{10)= 0.
& 4
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e RETUEN TO THE CALLING PROGEAM

I FETURN 1
ENDIF
e
! |
c %%x [TS AN ITERATIVE CALL TO THIS COMPONENT *w%x
o
5 |
o RE-READ THE PARAMETERS IF ANOTHER UNIT OF THIS TYPE HAS BEEW CALLED SINCE THE LAST TIHE
C WERE READ IN
IF{INFO{1).NE.IUNIT}) THEN

C RESET THE UNIT WUMEER

IUNIT=INFO(1)

ITYPE=INFO(2)
o READ IN THE VALUES OF THE PARAMETERS IN SEQUENTIAL ORDER

HHF = ROUND(PAR(1))
Cxx COIL AREAS ==

LD - LENGTH OF DUCT IN THE DIRECTION CF THE TUBE
LT - MODULAR: LENGTH OF TUBES IN EACH ROWS FOR EACH UNIT WITH PASSES
FS - FIN SPACING
HF - FIN HEIGHT
ATS - CROS5 SECTIONAL AREA OF ONE TUBE
AFR — FRONTAL AREA
ACWC - SEMALL CONTROL VOLUME; MINIMUM FEEE FLOW AREA
SMALL CONTROL VOLUME: FRONTAL AREA
SIGHMA — AREA RATIO
ACVF - SMALL CONTROL VOLUME: FIN SURFACE AREA EXPOSED TO THE AIRSTREAM
ACVA — SMALL CONTROL VOLUME:
ACVW - SMALL CONTROL VOLUME:
DE4 — HYDRAULIC DIAMETER: AIR SIDE
DEW — HYDEAULIC DIAMETEER: WATER SIDE
TT - TUBE WALL THICKNESS

alaisiaieialiniataiaiaisiaiaialinye)
o
)
e
[E3]
=
|

1D = NNF=LU
LT = NNF*LU*NPASSES
FS = 1. /NFINS
HF = (ADIST-DEXT)-2.
ATS = (PI*DIHT*%2-4 )
AFR = LT*WD-HPASSES
ACVC = [ADIST-DEXT)*({FS-FT)
ACVFR= ADIST=*FS
SIGHA= ACVC-ACVFR
ACVF = 2 =(ADIST=CDIST-(PI*DEET*%2-4 1)
ACWA = ACVF+(FS-FT)*FPI*DEXT
ACWYW = PIxDINT=FS
DEA = 4 *ACVCxCDIST ACVA
DEW = 4 =ATS*FS/ACVY
LT = (DEXT-DINT)-2.
€
Cxx FAN AREAS s*=
e
& DC — FAN CASE DIAMETER
C DH - FAN HUE DIAMETER
(g AC - FAN CASE AREA
C AH — FAN HUE AFREA
e AE — NET FAN AREA
s
oC = DF+0.01
DH = DF-2.*HE
AC = PI*{DC*%2). 4.
AH = PI*{DH**2) 4.
AR = AC-AH
ENDIF
1
L&t INPUTS
C
C TN TWl = Water inlet tenperature [“C]
C 5
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&N : HWhl= Inlet water flow rate [kg<h]
C.IN3: Tal = Dry bulb temperture [*C]
ETHA: TE1l = Wet bulb temperature [C]
G THE: T51 = Sump make—up temperature [ "C]
EING.: RFS = Relative fan speed [-]
T PATH= Atmosheric pressure [Pa]
C
TWl = XIN(1)
MWhl = XIN(2)
Tal = XIN(3)
TE1 = XINH(4)
TS1 = XIN(E)
RFS = XIN(&6)
PATH = XIN(7)
e,
& COIL AWALYSIS
16
€ HE = DRY-BULE TEMFERATURE COF ATIR LEAVING COIL
C° XX = DRY-BULE TEMPERATURE CF WATER LEAVING COIL
(s
{EH] EXFLAIN ALL THE VARIAELES
2
C G = WATER MASS FLOW RATE DIVIDED BY CROSS-SECTIONAL AREA
€ ‘REL = INSIDE REYHOLDS NUMBER
E: oHI = INSIDE COEFFICIENT OF CONVECTION
B G = AIR MASS FLOW RATE DIVIDED BY CROSS-SECTIOMAL AREA
C: ‘REQ = OUTSIDE EEYNOLDS WUMBER
G CEBM = MOIST AIR HEAT CAPACITY
C  HTUO = NTU'S OQOUTSIDE
. HTUI = HTU'S IHSIDE
. TDE = AIR DEW-FOINT
& *Hiil = ENTHALPY OF EHNTERIHG AIR
C  Haz = ENTHALPY OF EXITING AIR
MY = HWh1l-3600.
HE = 780.*RFS
C GOTO 500
C o=xx  HO FLOW s*xx
IF {(FFSs IE. 1. 0E-01 .CFR. MW .LE. 1.0E-01) THEW
TAZ =:THL
IF (RFS .LE. 1.0E-01 .AND. MW .GT. 1.0E-01) TaZ2 = TW1
C IF (Hy LE. 1.0E-06 .OF. 80.0.GT.HF) THENW
w2 = TWl
Hih2= HWhl
FEL = 0.0
QrI = 0.0
TaD = 0.0
HUL = 0.0
6 Taz = TWl
TE2 = 0.0
HR2 = 0.0
Hih2= 0.0
GOTO 500
EHNDIF
C =xx STARTING OFERATION xx

LB e

IF (TWl1 .LE. Tal)} THEN

E.

*HK

W2
HiTh
FEL
QkJ
TAD
MWL
TAZ
TB2
HRZ
Mih
GOT
HDIF

FLOW

2

2
05

AND FAN XX

*#% INSIDE FLUID COEFFICIENT %%
FIND THE REYNCOLDS WUMEER

Bv

oLw

= 1.-MG-100.
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B{1)+B{Z)*VOLHG+B(3)*TU1+E(4 )*VOLMGe*2+B(5 ) «VOLMG=TW1

(—GE-06*TW1**3+0 0012*TW1x*x2-0 0933«TW1+3. 4836)~-1000.

VOLMG = MG-100.
W1 = A(1)+A(2)=TW1
e = A(3)+A(4)=TW1
Vi =
+E(6)*T1xx2
CEWH = 1000. % (VOLU*W1+VOLMG*T2 +VOL#VOLHG*Y )
MHUOWH =
KWH = —HBE-06*TW1%**240 0014*TW1+0. 462
GWH = MW (NTUBES®=A4ATS-HPASSES)
TEROF = TWl
134 GOTO 500

IF ({0.0 GT.TPROF .OR. TPROP.GT.106.85)
.GT. DELT~2.}) THENW

(TIM

E-OUT{7)}

CBND .

CALL MESSAGES(—1, 'THE COREELATIONS FOR THE VISCOSITY AND FRANDTL
OF WATER USED IN THE DRY AIE COOLER MODEL WERE USED WITH A VALUE
OUTSIDE OF THEIR INTENDED RANGE', 'WARNING' INFO({L) INFO({Z)}

USE THE CORRELATION
IF THE REYHOLDS NUMBER IS

USE THE CORREELATION FOR LAMINAR WATER FLOW IN A

& LINEAR

THE INLET TEMFERATURE IS USED FOR

{((FD-8.)=(REI-1000. )*PRWH#*{1+DEW-LT)%%0 . 67)-(1.+12.7%

= (24.%(1-1.3553%(DINT2-DI)+1.9467%(DINT2-DL})**2-1.7012%
(DINTZ-DI)%*3+0. 9564 (DINT2 DI)*xd—0. 2537=(DINT2-DI)%**53)

THE

2 = THE FLOW LENGTH OF THE HEAT EXCHANGER *

STRAIGHT FINS

IVARN=TIVARN+1
OUT{7) = TIME
ENDIF
PRUM = WMHUWH*CPWM-KVH
REI = GUM*DEV. MHUWH
C IF THE REYNOLDS WUMBER IS GREATER THEN 4000,
C FOR TUREULENT WATER FLOW IN & SMOOTH PIPE [FILONENEO].
C LESS THAW 2000,
C TUEE. FOR & REYNOLDS NUMEER EETWEEN 2000 AND 4000,
C RELATIONSHIP EETWEEN THE CONVECTION COEFFICIENTS FOR THE TURBULENT
C AND LAMINAR CASES IS TSED.
C PROPERTY EVALUATIONS.
= GOTO 500
IF (REI .GE. 4000.) THEN
FD = (1.82%logl0(REL)-1.64)%=(—2 )
HI -
{FD-0)%*0 5% (PRYM**0 67-1) ) *KVH-DEV
ELSE IF (REI .IE. 2000.) THEN
c? FRE
c? .
c? FAPPIRE = ((FRE)**2 17+.. VOL I pg 65 DETLEV
HI = 4. 36%KVH~-DINT
ELSE
FD = (1.52%logl0{(REI)-1 64)%%(—2 )
HIT = ((FD-8.1%{REI-1000. )%PRVM*{1+DEU LT )**0 67)-(1.+12 7%
{FD-8)%%0 S*(PRYM*%0 67-1) ) *KVH DEV
HIL = 4. 36%EGUM-DINT
HI = HIL + (REI — 2000} * {HIT - HIL} ~ 2000
ENDIF
c GOTO 500
C %% OUTSIDE COEFFICIENT FOR DRY SURFACES ==
C CORRELATION FOR OUTSIDE HEAT TRANSFER COEFFICIENT IS FROM
C  "FINNED TUEE HEAT EXCHANGER: CORRELATION OF DRY SURFACE HEAT
C  TRANSFER DaTA." & H. ELMAHDY, ASHRAE TRANSACTIONS.
C  HYDRAULIC DIAMETER IS:
C THE FLOW CROSS SECTIONAL AREA ~ TOTAL HEAT TRANSFER AREA.
C THE FIN EFFICIENCY EQUATION IS FOR ANNULAR FING.
C  ARE TREATED &S ANNULAR FINS BY FINDING AN EQUIVALENT ANNULAR FIN
C  WITH THE SAME SURFACE AREA.
IF (NNF .EQ. 1.) THEN
MA = MAST(1)
ELSE IF (NNF .EQ. 2.3} THEN
MA = MAST(2)
EISE
MA = MAST(32)
ENDIF
GOTO 500
ITER = 0
10 ITER = ITER + 1
Gh M- { AFR®SIGHA)
REQ GA*DEA-MHIA (TAL)

E GOTO 500

MHUA(TAL)*CPA1(TAL ) KAl(TAL)

0.1682=EEC=*(— 0.4011)

JH-(FRA®%0 . 667 )%GA®CPA1(TAL)

C FIN EFFICIENCY CALCULATIONS
tanh( (2. *HO- (KF*FT) j**0 S#HF ). ( (2 *HO~- (KF*FT) j#*+0 5+HF)

EFFE: =
EFFD =

C *x DETERMINE
&

1.-ACVEF*(1.-EFF ) ACVA

HTU %=
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(3] (50s i)

OO OOoOoOOnon 0

Ch = MA=CPAL(TAl)
CH = HW=CPUH
IF (Ca .LT. CW) THEN
CHIN Ch
CHAX

Cw

[
Ch

CHINA/CHAY
(1. (HI*®ACYW)+TT (KT*ACUW)+1 ./ { HOXEFFD*ACTA) ) %%{ -1

[=)
==
L T T

TACV=NTUEES~NPASSES*LT-FS
HTU TA-CHIN
HTUE NTU-NPASSES

*x ANATYSIS ==
If the passes are more than 4 then.. . as the number of passes increase
beyond about four, the performance of a crossflow heat exchanger
approaches that of a counterflow. Braun. FPHD
EF = 1.—e=p{ (HTUP =0 22%{c=xp(-—Cx(HTUP)*+0 78)-1. )-C)
E = ({{1 -EP=C)-{1 -EP))**NPASSES-1 )~
({(1 —EP*C)~({1 —EP))**NPASSES—C)

ROAL = PATH-(R*(T&1+273.15))

ROA2 = PATH-(R*(( (ExCMIN*{Ti1-TA1))~(Ma*CPAL(TA1))+TAL)
+273.15))

ROAM = (ROAL+ROAZ)~2.

GOTO 500

FAPFI= 0.1242=REQ**(_-0. 2082)

DFHE = Gh#**2. 2%(NROVS*FAPPI-ROAM* (ACVA-ACVC)+(14+5IGCHA**2)
*# (1 ROAZ-1-ROA1})

Vi = Mis(NNF*ROA1)

YFR1 = Vi=({NFR-NF)

DEFSR= —4 G714E-06*YFR1%*%2 + 0. 0282857143%VFR1 + 21.2
DEFS = DPFSE*( (NF/NFR)%*2)%(ROAL/RHOR)

DEUD = (0.06)%(MA (NNF=AE) j%%2./(2 *ROAZ)

SOLR = PATH®(({1-0.00975%Z-({E*xCHIN*(TW1-Tal}) (MA®CPAL(TAL) )+
Th1))*%3 5—(1-0.00975%Z-Tal)=*3 5)

S0OLL = (DFUD+DFHE-DFFS)

4 SECANT METHOD TO CONVERGE ON TWZ2
G = SOLR-SOLL
GOTO 500
AND. ITER .LT. IMAX
IF (DABS(G) .GT. TOL .AND. ITER .IT. IMaX) THEN
IF (SOLL » SOLR) THEN
Mi = MA = (1-DMAi)

H =

ELSE
Mi = MA = (1+DMA)
ENDIF
GOTO 10
ENDIF
GOTO 500
IF (DABS{G) .GT. TOL .AND. ITER .LT. 2000) THEN
IF (ITER EQ 1) THENW
&1
MACLD = MA
MA = (MAOLD — G1)
ELSE
G2 -G
IF (DABS{MA-MACLD) .LT. 1.0E-03) THEN
MA = MACLD - 1.0E-03
DGDHA = (G2 — Gl)-(MA — HAOLD)
DGDHA = SIGH((DMAX1(1.0E-06.DABS(DGDMA)) ). DEDHA)
HACLD = Ma

a3
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€ HA = MAOLD — G2-DGDHA
C IF {DABS{HA-MACLD) .LT. TOL) Ma = HAOLD - G2
(2 Gl SHE2
C END IF
C GOTD 10
C ENDIF
C
@ FAN ANALYSIS
PFR1 = PASS*=ETAMEC
PFELl= PFR1%(NF- NFR)**3%{R0OA1RHOR)
PFELT= PFEL1=NNF
C.
& SET THE OQUTPUTS FROM THIS MODEL IN SEQUENTIAL CORDER AND GET OUT
C. OUTFPUTS
c
il = E*CHIN#*({TW1-TAal)
TW2 = TW1-0(HW=CEWH )
HWh2 = HWhl
PEL = PFELT.--1000.
OkJ = (=36
TAD = 0.
HWL = 0.
Ta2 = Q/(HA=CPAL1(TAL1))+TAl
TE2 = 0.
HE2 = 0.
HAih2 = MAa»3600
C OUT1 TWZ2 = Water outlet temperature [*C]
C ouT2 HWh2= Outlet water flow rate [kg-h]
C - OUT:3 FEL = Fan power required [LW]
C QOUT4 QkJ = Heat rejection rate [kI/hr]
C 0OUTs TAD = Adiab outlet temperaturs [*C]
= OUTE MWL = Water loss rate [kg-hr]
C..QUT7 TaZ = Outlet air dry bulb [*C]
C QuTe TE2 = OQutlet air wet bulb ["C]
=R HEZ = Outlet humidity ratio [-]
C OUT10: Hih2= Outlet air flow rate [kg-hr]
coo QuUT(1l) = TW2
OUT(2) = HWh2
0uT(3) = PEL
OUT(4) = QkJ
OuT(5) = TAD
OUT(k) = MWL
OuUT(7) = TAZ2
QuT(g) = TE2
ouT(9) = HR2
QUT(10)= Mih2
C
63 EVERYTHING IS DOWNE — RETURN FROM THIS SUEROUTINE AWND MOVE ON
REETURN 1
EHD
C
& )
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Appendix B: Wet Cooling Tower Model

program Type780
implicit none

integer :: nstep, 1, j. k

real=®8 . L =p. L_ f1 Afyr, DELTAT w, =igma_wo,. cpwm, Ga. Gw. Gawlhs, Gaw(D:5)
real*d . rho_wo, rho_avlf, rho_aw{(0:5), mu_aw(0:5), iresst(0:5), ss. EnBalance
real#®d : mavi(0:5). mavlS, mw. ma, nevap

real#®d ;. Delts_wsa, Delta_mer, Delta_old, Delta_w, Delta 1

real#®d ;. MeRZ, MeFI., MeSP, Me., Mep(0:5)
real=®d o Twi, Two, Twm, Two it, Tab_it, TwbS_it, Tw(0:5)., Twb(0:5), Ta{0:5}

resl*®8 @ w=za(0:5). wsab_it, wi(0:5). wh_it

real#®d oo iss(0:5), issb_it, ima(0:5). imab_it, im{0:5). Q. Qair, Final(0:5)
real=®d o pw=(0:5). pv(l:5). pa

real*®8 . pw

real*®8 : =tep Ta, toll_ i, fimstep i, p 1

real=®=8 ;. step Twh., toll _wsa. fizstep wsa., p_wsa

real*®l : =tep Two. toll_mer. fizstep mer. p_mer

common <functions~ ma. nw, pa

I IHPUTS
pa = 101325.40

Ta(0) = 308.15d0
Twb(0) = 299.82d0
Twi = 311.93d0

mw = 1.009d0
ma = 1.250d0
Me = 1.647d0

Afr = 0.641140
L fi = 1.05140
L =p = 0.5d0

open{unit=10.file="'Kesult=sRunt0 dat' . B status='unknown')
write{l0, '{(&{ald, 2x)}') 'Ta’','Twb','w','din', 'Tw', 'Final’
| open(unit=10, file="'Humns dat ' statu=='unknown')
! write(lD: “{S(ald, 2=)) ) ‘Hums!; WS-it*, WS, 'Twe-it; “Tabait!
| open(unit=20 file="Her dat' . status='unknown')
! grite( 20 a0ald 2y Ao Tmer: , hvesdt) , CMepE)y , “iHed
| open(unit=30 file="Hum dat' status='unknown')
! wrd e 30 el ds Pt DeEltalmsa , T Tabia !, iwsabitiE:, iwmsa0h)
| open(unit=20, file="'DryBulb dat' =tatus='unknown')
! write( 20, W(3fald 2x)y' ) "Delta’: "Ta'. ‘imay
| open{unit=30 file='WetBulb dat' status='unknown')
! wribe (30 LG tald 2= i thelba; WEats NTmbt hwikst i
| open{unit=40, file='DryWetBulb dat' 6 status='unknown')
| writeld0: - (30ald 22)) A Delta’ , TaTwh! , “dss’
! open{unit=50, file='5S5Bulb dat'. status='unknown')
| write Sl s laldr 2wy ity Deditet, N, Chlsssat, e, iwssd,, W
! openf{unit=60 file="'=at dat' status='unknown')
| write( 60, (40ald 2x))Y") '=sat'; " Twbb_ it': 'w=sab.it': 'wsa{b5)'

ireset = 0.d0

call ABSHumUS(Ta(0).Twbi{0).pa.w(0) pw(0
rho aw{0)={1+w{0))={l—w{0)-(w(0)+0. 62198))*pa/(28? 08=Tai{0))

Two = (Twi+2=Twb(0)+Ta({0) )4
TaS_it = (Twi+Two)-2
Two_it = Two

Delts i = 71.d0
toll_i = 70.d0
flxstep_l = 0.01d0
=tep _Ta = 0.0d40

do while (ab=s(Delta_i) .GT. tall i)
Ta5_ it = Ta5_it - step Ta

! IF THE AIR IS ASSUMED TO BE SUPERSATURATED IMMEDTATELY AFTER THE DRIFT
TwhE_it = Tab_it
Delta_w=sa=0.001d40

toll _wsa = 0.00000940
fiz=step w=a = 0.007d0
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=tep Twb = 0.0d40

Loop Sat @ do while (ab=s({Delta_wsa) .GT. toll w=a)
TwbS_it = Twbi_it - =tep_Twb
call ABSHumSa({TwbS_it.pa,wsab_it.pvs(5))

rho av(Si={1+w=ab_it)*{l-w=ab it (w=za5_1it+0.6219840))%pa- (287 08d0%Ta5_it)
rho_avlS = 2 . d0-(1lsvho_av(0)+l-vho aw(5))

ma = 2. d0i*emawvl5- (2 di+wi{li+w=ab_1it)

mavil) = ma*x(l. d0+w(0})

maviE) = ma%{l4+w(0})

GavlS = mavlS-Afr

Ga = masAfr

Gavil) = mavi{l) afr

Gavit) maviS) Afr

Two_1t (Twi+Z*Twb(0)+Ta({0) )4

Delts_mer=0.6d40
toll_mer = 0.0011d40
figstep mer = 0.0014d0
z=tep Two = 0,040

do while (ab=(Delta_mer) .GT. toll_mer)

if (ab={Delta_mer):abs(Delta_old)) then
Two 1t = Two 1t — =tep Two

=l==

Two it = Two it — =tep Two

end if

rho_wo={1.49343d0%10 d0==*{-3 d0)-3 7164d0%«10 d0%={—& d0)=Two_it+7.09782d(
10 d0%%{—9 A0)*Two_itx**2 d0-1 90321d0%10 d0%**({—20 d0)*Two it*exd d0)%%(—1
=igma_wo=5.148103d0#10 d0=%{—2 d03+3.998714d0%10 d0=*{—4 d0)*Two_it—
1.472186940%10 d0%%(—5 d0)*Twro it**2 d0+1. 2140533540%10 d0%*({—-9 40 *Two_:
Gw=nw-Afr

call Viscosity{w(0),Ta(0) . mu_avi{0))

Call MerkelRZ(Two_it,rho_wo.sigma_wo.pa.mu_aw(0) . rho_av(0) . maw(0), Afr Mel
Call HerkelFI(Ga.Gw. I1_£fi.M=FI)

Call HerkelSP({Ga.Gw.Ll =sp.M=sSE)

He = HeRZ+MeFI+HeSP
He = 1.617d0
HeFI = Me - M=RZ - HeSF

Twi{l) = Two_1it

call EnthalpyUS({Ta{0) . pa,.w(0), ima{0))
Hep{0) = 0.d40

n=tep = §

DELTAT w = (Twi—-Two_it)-n=tep

call ABSHumSa({TaS_it,pa.wi_it . pws(5))

Delta_w = 0.00140
p_w = 0.140

do while (abs(Delts w) GT. 0.000023d40}

do i = 1. nstep

imafi) = 0.d40
end do

iss = ireset
wh_it = wh_it * p w + w(S)*{l-p_w)
== = 10.d0
Loop Fill : do i=1.n=step

if (Ta{i-13:Twbi{i-13) then

call unsaturated(Tw,ima,w, Mep, DELTAT w.i,wb_1it)
call DryBulb({ima{i) . w(i).Tafi-1:1).1.pa)
2
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call WetBulb{w(i). Ta(i). Twbi{i-1:1).1.pa)
else
call DryWetBulbi{ima{i-1}).w(i-1).Ta{1-1).Twb{i-1) w=al{i-1), pa
i=m=(1-1}) = 1ma{i-1)
imali-13 = 0.d0
do j=i.n=tep
call supersaturated(Tw.iss. w. Hep DELTAT w.wsa. j.whb_it)
if {jrn=tep) then
ss = 20.d0
exit Loop Fill
else
call S5Bulb(iss(j).w(j-1).Ta(j-1:3).Twb(j-1:3).w=a(]
ss = 20.d0
end if
end do
exit Loop Fill

end if
end do Loop_Fill

Delta_w = wi(h) — wb_1it

! write{l0, '(5(=l4.8, 2x))"') Delta w., wh_it, w(G), Two_it, Tab_it
! write(#*, '(5(eld B.2x))') Delta_w, w5_it, w(B), Two it, TaS5_it

end do

Delta_old = Delta_mer
Delta_mer = Hep(ft) - He
p_mer = toll_mer-Delta_mer

ztep Two = fixstep ner-p_ner

write(20,.'(4(el4.8 2x))"') Delta_mer. Two_it. Mepi5). He
end do

if (== > 19.d0) then
Delts_w=a = wsab_it — w=sa(b)
p_w=a = toll_wsa-Delta_wsa
=tep Twb = f{iEstep wsa p wsa
el=ze
exit Loop_Sat
end 1f
wvrite(30, '(4({el1d . 8 2x))') Delta wsa, Twbb_it, w=ab_it, w=a(h)
end do Loop_Sat
if (== > 19.d0) then
call EnthalpyS5(Tab_it,.pa.wi{l), w=a(b), i==5_1t)
Delts_i = i==G_it — i==(5)
p_i = toll_i-Delta_i
ztep Ta = fizstep i-p 1
else
call EnthalpyUS({Tab_it.pa.wi{b), imab_1it}
Delts_i = imab_it — ima(b)
p_i = toll_i-Delta_i
step Ta = figstep i p i

end if
end do

Twmn = (Twi+Two_it)~2

cpwm = 8. 15599d0%10 d0=*3 d0-2 80627d0*«10%Twn+5. 112834010 d0ee(—2 d0)*Tymee2 d0
—2.17582d0%10 d0=*={—13 . d0)*Tymexs 40

0 = myw*cpym*(Twi-Two it}

| 3

147



if (== » 19.d0) then

Qair
else
QJair
end

= ma*{i=z=(5)i—1mail))

= ma®{ima(Si—1ma{0)}
if

mevap = ma*(wiGi-w(ll)

do k=0, n=step
if {Ta{k)>Twbik)) then
im(k) = imaik)
else
infk) = is=s(k)
end if
end do
EnBalance = abs(Q-Cair)-0=100. .40
Final{0) = EnBalance
Final{(l) = Q
Final(2) = Hep(h)
Final(3) = MeFI
Final(4) = MeRZ
Final(%) = Me=SP
write(l0, '{(6(eld 8 2=x)1)') Ta, Twb,w. in, Tw Final
end program

subroutine ABSHumUS(Ta.Twb.pa.w.pv)

end

inplicit none
real*#8d : Ta, Twb, =z, pv. w. pa

z=10.79586d0%(1.d0-273 15d0-Twb)+5. 02808d0+L0G10{273 15d0-Twb)+1 50474d0%10 d0se*(—4 .
#(1 . di0-10. d0%=*{—8 29c92d0*(Twb- 273 15d0-1.d0;) )+4.2873d0%*10 . d0%*=({—4 d0)={10. d0=*xid 7
#(1.d0-273.15d0-Ta)-1.d0))+2 . 78611831240

pw=10 dl=xxz

w=(2501. 6d0-2 3263d0%{Tyb—273.15d40))-(2501 6d40+1 8577d0%{Ta—-273.15d0)-4.18440
*#(Twb—273 . 15d0))*({0. 62509d0*pv {pa—1. 005d0*pwv))—(1. 00416d0%*{Ta-Twh) )~ (2501 6d0+
1.8577d0=(Ta—-273.15d0)—-4.184d0%*({Twb-273 .15d03))

subroutine ABSHumlUS

subroutine ABSHumSa(Twh.pa.w.pvs)

end

implicit none
real*d :: Twb. =. pwvs. w. pa

z=10.79586d0%({1.d0-273 15d0-Twb)+5. 02808d0*L0G10{273 15d0-Twh)+1 50474d0%10 d0s*(—4 .
*#(1 d0-10 d0==(—8 2969240%(Twb 273 15d0-1 .d0)))+4 2873d0%=10 d0%={—4 d0)*{10 d0%x{d 71
#(1 d0-273 15d0-Twb)-1 d03)+2 78611831240

pys=10. dl*ez

w=0, 62509d0%pw=-{pa—-1.005d0%pv=)

subroutine ABSHumSa

subroutine EnthalpylU5({Ta, pa,w,.ima)

end

inplicit none
real*8 @ Ta, pa. w
real#*8 ;. pv. Tam. cpa. cpv. ifgw. ima

Tam=(Ta+273 154032 .40

cpa=1045 35640-3 . 16178340%10 d0=%*({—1 d0)*Tan+7 083514d40%10 d0%*{—4 40)*Tan**
2.d0-2 705209d0%=10 d0==(-7 d0)=Tan**3 40

cpv=1360 5d0+42 31334d0%«Tam—2 46784d0%10 d0%*{—10 d0)*Ta%=5 d0+5 91332d0

*#10 dO=x{—13. d0)*Tan*=6. 40

ifgw=3 . 483181440%10 d0==x5 d0-5 8627703d0=10 d0*=3 d0*273 . 15d40+12 13956840
#7273 15d0#%%2 d0-1 40290431d0#10 d0**(—2 d0)*273 15d40%%3 40
ima=cpa*(Ta—273.15d40)+w*(ifgw+cpw*(Ta—-273 . 15d40))

subroutine Enthalpyls
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subroutine EnthalpyS5({Ta.pa.v.vsa. is=)
implicit none
real*ld ;. Ta., pa.w. wsa, iss
real*®8 ;. Tam=, cpa=, cpv=, cpw=s, ifgw

Tam==(Ta+273.15d0).-2 .40

cpas=1045 356d40-3 . 1617834010 d0%*(—1 40)*Tam=+7 05338144010 d0=*{—4 d0)*Tans
%} d0-2 705209d40%10. d0%*{—7 d0)*Tans*=3 di

cpws=1360.5d0+2 . 31334d0*Tan=—2 . 46754d010 d0%==({-10.d0)*Tanz**5 d0+5.91332d0

*#]10 dO=®{—13.d0)*Tans**5 . d0

cpw==8.1559940=10 d0=%3 d0-2 80p27d0%10*Tan=+5. 11283d0%10 d0*%({-2 d0)*Tan=s

#x? A0-2 1758240%10 d0%%{—13 d0)*Tans**5 d0
ifguw=3.4831814d40%10 d0%*5 d0-5 B62770340%10 d0%*3 d0=273 1540+12 13956840

273 15d0%==2 d0-1 402904314010 d0%==(—2 d0)*=273 15d40==3 d0

lzs=cpas*(Ta—-273 . 15d0 ) +wsa*{ifgy+cprs*(Ta—273  15d0) )+ {w—w=a ) *cpw=*(Ta-273 15d40)

end subroutine Enthalpy5S

subroutine Viscosity(w.Ta.mu_awv)
inplicit none
real#*8 ;. w, Ta, mu_aw
real#®d, external @ muav

nu_av=mnuaviw, Ta)
end subroutine Viscosity

real(8) function muawiw, Ta)
implicit none
realid) . w, Ta
reali8) :: mua, muv, HMga, Mgv, Ha, Hv

Mga = 28.97d40

Mgw = 18 01640

Ha = 1-(1+1 608d0%*w)

Hv = woiw+0. 622d0)

muw = 2. 562435d40%10 d0%*=*{—5 d03+1 B16683d0%10 d0**{—8 d0)*Ta+2 57906640=
10 dD0w#*(—11 d0)*Taxx2—1 067299d0%10 d0%*({—14 d0)*Taxx3

mua = 2. 28797340%10 d0%x{—4 d0)+6 259793d40%10 d0%%{—8 d0)*Ta—3 13195640
10 d0%*(—11 d0)*Ta%x=x2+3 15035d40%10 d0%%{—15 d0)*Tax=x3

nuav = (Za*nua*igaxx] Sdl+HvemuveMgyee] 540).-{Za*Mgaxe] SA0+Evedgyeel 5403

return
end function muawv

Subroutine MerkelRZ(Two,rho wo.=sigma_wo.pa.mu_av.rho_av.m_av. ifr HeRZ Ta. w.wsa)
implicit none
reali8) :: Two., rho wo, sigma_wo, pa,. mu_av, rho av, mn_aw, Afr, MeRZ, Ta., w. w=a
reali8) :: g, dd, Hrz, E v, Wi, amu, arho, av. al, Mga, Mgv. Va, Vv. pvs, ptot. D,

g = 9. 8d0
d_d=0.0035d0
H_rz = 0.5d0
E_w = 451 5240

amu = 3. 061d0%10 d0*%{—6 d0)*{rho yo**d dlxg**9 dl-=igma_wo)*x*0_ 2540
arho = 998 d0-rho_wo

av = 73 298d0%{g%*5 dl*zigms_wo*%x3 dl -rho_wo*x3)*x) 2540
al = 6.122d0*(g*signa_worsrho_wo)*xx0 2540

Mga=28.97d40

Mgw=18.016d0

¥a=29. 9d0

Vw=18 8d0

call ABRSHumSa(Two, pa, wsa,pws)
ptot=pvs+pa
D=0.000020%061d0
D=0.04357d0%Two%*] Gd0*{ 1l -Mga+l-Hgw)%*el Ld0-{ptote{Vaxel 333d04Vyvexd, 33340 )%«2 40}
ScEnu_av- {rho av=D)
wvav=n_aw.{rho av*ifr)
HeRZ=3 6d0#*({D-svaw-d_d)#*(H_rz-d_d)*{pa-rho wo E_v-Ta)*Sc**0 33d0=*{L0G{ (w=sa+0. 62240}~
(w+0 . 622d0) ) (wza—w) %[5 01134d0*xarho¥rho av-192121 Yd0*anu*nu_aw—2 5772440423 61842
*#(0. 2539d0% (av*vav)**x]l £7d0+0.18d0)%(0. 83666d0%(al*H_r=)**{—0 5299d40)+0.42d40)%
(43 . 0b696d0%*(ale*d d)%*=(0. 7347d0)+0.52d40))
end subroutine HerkelRZ
! 5
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|Bubroutine MerkelFI(Ga . Gw.L_fi MeFI)
| implicit none
! real(8) :: Ga, Gw, L fi, MeFI

! HeFI = 0. 2692d0%L fi*Gu#**{—0. 09440 )*Ga%x{0 6023d0)
lend subroutine MerkeslFI
Subroutine MHerkelSPi(Ga.Gw.L =p,HeSE)
implicit none
reali8) :: Ga, Gw, L =p, M=5P
HeSP = 0.2d0*L_sp#*(Ga Gw)*x0. 540
end subroutine HerkelSF
subroutine un=saturated(Tw, im, w, M DELTA 1 wE it)
implicit none
integer i

i B
real*®d o Tw(0:1), im{0:1i). w(0:1). M{0:i), DELTA. wGE_it
real#d 0 j(5.4). k(5.4). 1(5.4)

real*d, external ;. jev.el, lkey
j{i.1) = DELTA * jey( Tw(i-1). im{i-1), w{i-1), wG_it 1
k{i.1) = DELTA * key({ Tw{i-1), im{i-1), w{i-1), wS_it }
1¢i.1) = DELTA * e1( Twi{i-1). im{i-1). wi{i-13. wS_it }
j{i.2} = DELTA #* jey({ Tw{i-1)+0. 5d0=«DELTA. im{i-1)+0 5d0=
kii.1), wi{i—-1)+0 5d0=5(i 1}, wE_it 1}
kii,2) = DELTA = key{ Tw{i-1)+0.5d0=DELTA, im{i-1)+0. 5d0=
kii,1), wi{i-1)40.5d0=3(i,1}, wG_it
1{i,2) = DELTA #* el{ Tw{i—-1)+0 S5d0*DELTA. im{i-1}+0 5d0%
kii.1), wi{i—-1)+0 5d0%5(i. 1}, wE_it }
j{i.3) = DELTA * jey({ Tw{i-13+0. 540=DELTA. im{i-1)+40 5d0=
Lii.2). wi{i—1)+0 5d0=j(i. 2}, wE_it 1}
kii.3) = DELTA * key{ Twi{i-1)+0.5d0=DELTA, im{i-1)+0. 5d0%=
kii,2), wi{i—-1)+0.5d0=5(i, 2}, wG_it
1{i.3) = DELTA #* el{ Tw{i-1)+0 5d0*DELTA. im{i-1)}+0 5d0%
k{i.2), w{i-1)40 5d0%5(1i,.2), wG_it
j(i.4) = DELTA * jew({ Tw(i-1)+DELTA. dim{i-1)+k{i.3). wi(i-1)+j(i.3).
kii.4) = DELTA * key( Tw(i-1)+DELTA., im(i-1)+k(i.3). wi{i-1)+3j(i.3}.
1) =

L,

Twii} = Tw{i-1)+DELTA

wii) = wii-1) + (j(i,17+2 . d0%q{i,2)+2. d0%5(i, 3)+5(i,4))-6.d0
im(i) = im(i-1) + (i, 11+2 d0%k(i,2)+2. d0%kii,3)+k(i, 4))-6.d0
M(i) = M{i-13 + (1¢i,1)+2 d0*1(i.2)+2 do=1(i.33+1(i.43)-6.d0

end subroutine unsaturated

subroutine super=saturated(Tv, is=, v M DELTA . w =5, 1, ,wh5_it)
implicit none
integer :: i
real*®8 0 Tw(l:1i), i=ss(0:4i). w{0:1i), M(0:1i)., DELTA. w_=ail:1i). wh_it
real#8 : js(5.4), ks(5.4). ls(5.4)

wS_it 3
w5_it 3

DELTA * el{ Tw(i-1)3DELTA. im({i-1)+k{i.3). wi{i-13437{1.3). wE_it )

real*d, external . jevss.elss, keyss

j=(i,1% = DELTA * jeyss{ Tw{i-1}, iss{i-1), wii-1), w_sa{i-1), wS_it }
ks{i.1) = DELTA * keyss{ Tw(i-1). iss(i-1). wii-1). w_safi-1). w5_it 3
l=(i.1) = DELTA #* elss({ Twi{i-1).iss(i-1).w(i-1).w_sa(i-1). w5 _it }

j=(1.2) = DELTA * jeyss( Tw(i-1)+0 Gd0*DELTA. i=s=({i-1)+0 5d0=ks{i. 1), wii-1)-
k=(i.2) = DELTA * keyss( Tw{i-1)+0 5d0=«DELTA. i=={i-1)+0 Ed0=*k=(i 1}, w(i-1}-
l=(i,2) = DELTA = elss{ Tw({i-1)+0. 5d0=*DELTA, iss(i-1)+0.5d0=ks=s{1.1}, wi{i-1)+
j=(1,3) = DELTA * jeyss{ Tw(i-1)+0 5d0*DELTA, iss({i-1)+0.5d0%ks{i.2), wi{i-1)-
k={i.3) = DELTA * keyss{ Tw(i—-1)+0 GA0*DELTA. i=={i—13+0.5d0*k=f{i. 23, wii-1}-
1=(i.3) = DELTA * =l==( Twi{i—11+0 GAd0*DELTA, i==(i-1)+0.Gd0*k=(i, 2). w(i-1)+
j=(i.4) = DELTA #* jeyss({ Tw(i-1)+DELTA. iss(i-1)+ks(i.3). wii-1)+j=(i.3).v_s=s
k=(i.4) = DELTA #* keyss( Tw(i-1)+DELTA. iss(i-1)+ks(i.3). w(i-1i+j=(i.3).w_=:
l=(i,4) = DELTA #* elss{ Twi{i-1)+4DELTA, iss(i-1)+ks(1,3). wi{i-1)+js{(i.3). . v_=a

Twii) = Tw{i-1)+DELTA
wii) = wii-1) + (j=(i,1)+2.d0%i=s(i,2)+2 d0%=(i,3)+i=(i,4))-6.d0
izs(il = is=(i-13 + (ks(i,1)+2 d0*ks(i,.2)+2.d0%ks{i.3)+ks(i,4))-6.d0
M{i) = M{i-13 + (l=(i.1)+42 do=ls(i,2)+2. d0=1l=(i,3)+1=(i,43)~6.40

end subroutine supersaturated
! g
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subroutine DryBulb({im.w.Ta.n.pal)
implicit none

integer :: n
real#*d o oim, w, Tain-1:n), Tit. Tam. cpa.
real=8 :: step. p. Weighted =

Tit = Ta(n-1)

Tol = 30.d40

Delta = 31.d0

step = 0.0140

Weighted_= = 0.d0

do while {(ab={Delta) .GT. Tol)

Tit = Tit + Weighted_s=
call EnthalpyUS({Tit. pal,.w,ina)
Delta = im—ima
p = Tol-Delta
Weighted = = step-/p

[ write( 20 (3 (eld B 2x) ) p-Deltar, Tity
End do
Tain) = Tit

end subroutine DryBulb

subroutine WetBulbiwza. Ta.Twb.n.pal)
implicit none

integer . n
real*®d :: w., z. pvwb, wit., pal. Ta. Tit.
real#8 ;. step, p. Weighted =

Tit = Twbi(n-1)
Tol = 0.000009d0
Delta = 0.001d0
=tep = 0.005d40
Weighted_= = 0.d40
do while (ab={Delta) .GT. Tol)
Tit = Tit + Weighted =
call ABSHumUS(Ta.Tit. pal.wit. pvwh)
Delta = w-wit
p = TolsDelta
Weighted = = =tepsp
| write(30, '{5{=l14.8,2x))"') Delta, Ta.
End do
Twhin) = Tit

end subroutine WetBulb

subroutine DryWetBulhi{im, w,Ta, Twb, w=a, pal)
implicit none

integer :: n
real=#8 :: im. w. Ta. Twb. ==. pvsa. pal.
real#d ;. wsa, Tit, p. step. Weighted =

1 7

ima

cpv.

Delta. Tol.

Tk

Tans.

wit, w

cpas.

ifgw.

ima, Delta,
Twbin-1l:n}
COVE. CDWS,

Tol.,

ifgw.

Twb. pal

iss.

Delta.

Tc
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Tit = Twb — 0.5d40
Tol = 50.d0

Delta = 51.d40
=tep = 0.01d40
Weighted_= = 0.40

do while (ab={Delta) GT. Tol)

Tit = Tit + =tep

call ABSHumSai(Tit, pal, wsa, pv=a)
call EnthalpySS(Tit.pal.w.w=za.iss)

Delta = in-iss
p = Tol-sDelta

Weighted = = =step-p
write(d40,'({3(=ld4.8.2x%))"') Delta. Tit. iss
End do

Ta =
Tub =

Tit
Tit

end subroutine DrylWetBulb

subroutine SSBulb(i==s,w,.Ta, Twb, w=a . n,.pal)
implicit none
integer ::. n
real=d iz= it. w, Tal(n-l:n). Twvbi{n-1:n).
resl*d wsa, Tit, p, step. Weighted_s

Z2=.

step = 5
Weighted = =
do while {(ab={Delta) GT. Tol)

Tit = Tit + Weighted_s=

call ABSHunSa(Tit, pal, wsa, pvsa)

call EnthalpyS5({Tit,.pal.w, w=a, i== it)
Delta = iss—iss it

p = Tol-Delta

Weighted = = step-/p

write(50, '{6(=1d4.8,.2x))"') Delta, Tit, iss_it,
End do

Tain) =
Twbin)

Tit
=Tit

end subroutine S5Bulb

subroutine calc(T w.w.wi_it . mv.ma,.pa. c DW, WN_Wa, W_SW,1_

realig)
realig)

wh_it, pa
T wm, ¢ pa, c_

nw, ma,

T w. w, p¥. C_pW, E. D ¥,

T wm=(T_w+273.15d0)-2 . d0

pvsa,

izs,

pal, Tamns. cpas. cpvs,

WEa, W

nasw,Lle f.1i_v,wvar)

w_sw, i_fgw, i_w, i_mnasw,

c_pa=1045. 356d0-3.161783d0%10 . d0%=({—1 d0)*T_wnt+7? 08338144010 d0sesx{—4 d0)*

T wm**z d0-2.705209d0%10 . d0%*(—7 . d0)*T_wn**3.d0
o pw=1360.5d0+2.31334d0%T_wn—2 . 46754d0%10 . dO%=(
10 d0x=(—13.d0)*T_wn*x6 . d0

g

=10.d0)*T_wm**5 d0+5.91332d0=

COWE,

Ie f,

i
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c_pw=8.15599d0%=10 d0%**3 d0-2 80627d0%10 d0*T_wn+5.11283d0%10 d0%*%*{—2 d0)*T_wmex
2.d0-2.17582d0%=10 . d0%*(—13 d0;*T_ym**xc.d0

call ABSHumSa(T w,pa,w_sw.p w)

i_fgw=3 483181440%10 d0%**6 d0-5 8627703d0%*10 d0=%*3 d0*273 1540+12. 139568d0=

273 .15d0%=%x2 d0-1.40290431d0%10 d0%*{—2 d0)*273 1540%*3 d0
i_w=1_fgw+c_pwe{T_w-273 1540}

1_nmasy=c_pa*({T w—273 15d0)+yv_=sy*1_w

Le f=(0.865d0%% (0 667d0))*( (0. 662d0+vw_=w) (0. 662d04+wvar)—1.d0) ~(LOG{ {0 662d0+w_ s
A0 . 662d0+wwar) )]

nn_wa=nw-ma%(l . d0-na-mw*wS_it-w))

end subroutine calc

real(8) function jey(T_w.i_ma.w. wh_it)
implicit none
reali8) 0 T_w. i_ma. w, wi_it, nw. ma, pa
real{8) . c_pw, mn_wa, w.sw, i_masw, Le ., 1i_w

connon Sfunctionss ma, mw, pa
call calc(T_w.w.wb_it mw.ma.pa.c_pw.mnm_wa.wv_=v. i_masw.Lle . i_w. w)

jey=c_pw*mm_wa*{w_sw—w)- (1_mnasy—1i_mna+(Lle f-1 d0)*{i_masw—1i_na—(w_swv—w)*i_v)—
(w_=sw—w)*c pwe(T_w-273 15d40))

return
end function jey

real(8) function jeyss(T w.i_ss.w.w_sa.wb_it)
implicit none
real{8) :: T_w. i_=s=, w. wh_it, mw,na.pa
real{f) . o pw, mm wa, w.svw, 1masw, Le £, 1 v, w_=a
connon Sfunctionss ma, mw, pa

call cale(T_w.w.wbi_it. mw.ma.pa.c_pw.mrn_wa.v_=sw,i_nasw.le_f.i_wv.vw_s=a)

JjevssSc pwEnn_wa¥(w_sy-v_=a ) (1 _masw—1l_ss=+(Lle -1 d0i*{1i masv-1_=ss—{w_sw-w_s=a)
*1_v+(w—w_=a)%¥c pw*(T w—273 1540} )+{v—w_=w)¥c pw*k(T w-273 15d40})

return
end function jevses

real(8) function key(T w.1i_ma, w, wh_ 1t}
implicit none
reali{8) @ T_w. i_ma. w. wb_it.nw.ma.pa
reali{8) . c_pw, mm_wa., w_sw, i_masw, Le_f. i_w
connon Sfunctionss ma, mw. pa

call cale(T w.w wh_ it mw ma,.pa,.c pw, mn_wa,w_sw,1_masw, Le f 1w, w)

key=c_pw*nn_wa* (1l d0+({(v_sv—w)*c_pw*(T_w-273 15d0))-(i_masw-i_ma+(Le_f-1 d0)=
(1_masy—1_ma—(w_=w—wi*1_vi—(w_sy—w)*c pw*(T w—273 15d03))

return
end function key

real(8) function kevss(T w.i_s=.w.w_=a.wb_it)
implicit none
real{8) : T w, 1_==, w, wh_1t nw, ma, pa
real{8) . o pw, mm_wa, w sw, 1_masw, Le f, 1w, w_s=a
conmon Sfunctionss ma. nw,. pa

call calc(T w.w,w5_1t . mw, ma,.pa,.c_pv. mn_wa, v sw.i_mnasw, Le f,1i_w. w_sa)

keyss=c_pw#*mnn_wa*(l d0+i{v_swv—w_sa)*c_pw*(T w-273 15d0)-{i_masw—i_ss+({L=e f-1.d0)=
(1_masw—i_=ss—(w_sw—w_=sa)%1_v+({v—w_=sa)*®c_pw*(T_w-273 15400 )+{wv—w_=w)*c_pw*(T_w—273 15

return
end function keyss

real(8) function el(T w.i_ma,w, wh_it)
inplicit none
real(8) :: T_w. i_ma., w. wi_it. mw.nma.pa
real{8) . c_pw, mn_wa, w.=w, i_masw, Le f, 1i_w
g
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common < functionss ma, mw, paﬂ
call calc(T w,w, whi_it. mw.ma,pa.c_pw . mn_wa,w =w, i_masw, Le f 1 v, w)
el=c_pw {i_maszw—1i_mna+(Lle f-1 d0i*%{i ma=s=w—1_ma—{(w_swv—-wi*l_vi—{w _sv—w)*= pu*(T w-273 15

return
end function =1

real(8) function elss(T_w.i_s=s.w.v_sa. wh_it)
implicit none
real(8) 0 T_w, i_ss., w .wh_it.mw.ma.pa
real{8) . c_pw, mn_wa, w.=sw, 1_masw, Le f, 1_w, w_=a
commnonh Sfunctionss ma, nw., pa

call cale(T_w.w. wi_it.mw.ma. pa.c_pw. mn_wa, v_sw,i_mnasw.Lle f.i_w.w_sa)

elss=c_pw {i_masw-i_s=s+(Le f-1 d0)*{i_ masw-i_ss—(v_sv-v_sal*i_v+(w—w_s5a)%*c_pw*
(T _w—273 15d0) )+ ({w—w_=wrc pwx(T_w-273 154033}

return
end function elss
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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.

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/m? per

year.

The selected demonstration site is a passive house built two years ago by “Istituto
Per I’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/m? per year. The official standards for South Tyrol region are 70
kWh/m? 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

mZ. 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/m?2 per year in heating and cooling energy is

used. To achieve this standard the following constructive details has been carried

out:

e 28 cm mineral foam insulation to cellar (u-value of 0.15 W/(m? K));

e Foundation walls on foam glass;

e Thermal separation;

e 28 cm mineral foam insulation of external walls (u-value: 0.14 W/(m2 K));

e Triple glazed windows;

e Green roof, bearing construction filled with cellulose flakes (44 cm);

e Suspended balconies;

e Air tightness (for high efficiency of heat recovery of ventilation system) by means
internal plaster and foil at junctions;

e 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.

Pellet boiler

Fresh water

Boiler

)
9

1
:

Mixing valve

Air-handling unit

Geothermal probes

Re-heater

Radiator

Process water

Fresh air

SESNCNONONONORONONONO)

Discharged air

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-facade 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.

51

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.

DRYLO0TR

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 m? in the cellar and the necessary 40
m2 for the solar panels on the roof. The 7 m2 are mainly occupied by the 3000 [ tank
and by the TD chiller, Figure 0-10.

2,5 meter

1919W ¢'7

Figure 0-10: The 3000 | 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 m?, 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

Figure 0-12: The horizontal green r

23 meter

of a possible solar panel installation.

oof 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.
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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.
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