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Quote

Ever tried,
Ever failed.
No matter,
Try Again.
Fail again,
Fail better.

Samuel Beckett

Lo intentaste,
Fracasaste.

No importa,

Sigue intentandolo.
Fracasa otra vez,
Fracasa mejor"
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Summary

The work realized evaluates a finite number of solar cooling technologies along
Europe. With this scope it was needed to create a classification for the different
European Climate conditions in order to have an structure in which the obtained results
could be classified. Based on the climatic classification there were evaluated:

e Solar Resources for different building conditioning technologies

e Building demands

e Combinations of different solar technologies when applied in a predetermined
building

e Economical and energetic potential of each technology by climatic zone

As a conclusion it was studied the common optimization of a building design and the
renewable solar thermal facility that should cover heating, cooling and domestic hot
water demands. This last point was treated from an energetic and economic point of
view.

Sumario

El trabajo realizado en este documento evalua el potencial de diversas tecnologias de
climatizacién solar basadas en colectores térmicos instalado s a lo largo y ancho de
Europa.

Se ha necesitado de una clasificacion de los climas europeos para poder ordenar los
resultados siguientes por categorias. Basado en estas tecnologias se ha evaluado:

e La cantidad de energia susceptible de ser captada en funcion de la tecnologia
a aplicar

e [ademanda energética de un determinado edificio.

e La combinacion de diferentes configuraciones de sistemas solares térmicos
que pueden ser aplicados en el edificio preseleccionado.

o El potencial econémico y energético de cada una de las tecnologias para todas
y cada una de las zonas climaticas estudiadas.

Como conclusién se he estudiado la optimizacion del edificio y el sistema de energia

renovables, que permiten un mayor ahorro energético y menores periodos de retorno
de inversion

Xi
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1. Introduction

This PhD thesis was born from the work done by the author along 2005-2006 to
evaluate the Solar Cooling possibilities in Spain and how a thermal solar system should
be built to be energetically and economically feasible. Computing the Spanish energy
demands obtained for a wide set of climatic data, it was seen that in most of the places,
although Spain is to be considered as one of the warmest European places, heating
demands are higher than cooling ones. It means,building energy savings and domestic
solar energy consumption must be mainly focused on heating season, introducing the
idea of evaluating these technologies around Europe, where most of the climates
present demand profiles, in absolute terms which are bigger during the heating season
when compared with the cooling one.

Under the umbrella of the International Energy Agency, Solar Heating and Cooling
Program (IEA SHC) Task 25,38,..., Heat Pump Program (Annex 24,34,44...) or the
different European Research projects, financed under FP6, FP7 and lately H2020 as
were Climasol, Rococo, SolarCombi+, Alone,...the scientific Solar thermal community
is hardly working to evaluate DO’s and DON'T’s of solar cooling. But after some years
evaluating solar cooling possibilities, the experts still do not find the perfect solution to
make the technology mature and perfectly competitive in comparison with compression
chillers.

Results of these projects coincide on the idea of collecting the maximum solar energy
during the heating season to make feasible the solar cooling system along the year,
compensating the high costs of a thermal chiller that it is only used for a third of the
year, in the best cases. In this environment, the reversible use of Sorption Chillers as
Heat pumps, permits the utilization of the solar cooling facility widely in the year and as
a consequence, increases the economic potential of the technology, making it
competitive in the actual heating and cooling markets.

A combination of different statistical tools, Geographical Information Systems and self-
programmed algorithms, in Visual Basic and LabVIEW, are able to evaluate solar
thermal resources and building demands. They were used to organize the results
obtained in categories that facilitates the treatment of the really great amount of data
obtained from the simulations.
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1.1 Solar Heating and Cooling challenges

Clausius’ statement of second law of thermodynamics “It is not possible that at the end
of a cycle of changes heat has been transferred from a colder body to a hotter body
without producing some other effect”, established the irreversibility of heating and
cooling processes. These processes have two associated consequences: from one
side the need of external energy inputs and on the other side, the entropic increase
related to every process.

Cooling processes generally rely on the use of two different pressure levels between
where, latent heat exchanges occur; therefore process temperature becomes constant,
allowing evaporation and condensation temperatures under and above the ambient
temperature respectively.

Traditionally, the external energy input needed to drive cooling cycles have been
produced by animal traction, as happened with Edmon Carré’s chiller, by electrical
energy delivered to a motor that drives a compressor or by the direct use of thermal
energy. In this last case, the energy introduced to the cycle comes indirectly from an
engine that transforms thermal into mechanical energy or in a direct way through the
use of sorbent processes, thermochemical...The way of obtaining this thermal energy
vary: Fossil fuels, nuclear energy, solar energy, etc..

Solar Heating and Cooling can be defined as a dynamic process which consumes
energy collected from the sun to energy in two different low temperature levels. In this
way, thermal processes take advantages of a renewable energy source to cover
heating and cooling demands in buildings and industrial processes, contributing to a
carbon dioxide emission reduction. Moreover, the use of sorbent processes doesn'’t
contaminate the environment or destroy the Ozone layer with the use of inorganic
natural refrigerants as can be water, lithium bromides and chlorides, ammonia and
zeolites among others.

It can be distinguish two different kinds of Solar Heating and Cooling (SHC)systems:
those based on electrical devices driven with solar radiation collected with photovoltaic
collectors or thermo-solar facilities and on the other side, the ones based on sorption
machines, activated by the heat delivered by the solar thermal collectors to establish
two pressure levels in which the refrigerant fluid can be condensed and evaporated.

The application of these Solar Thermal Heating and Cooling (STHC) technologies
based on sorption processes depends on the development of control strategies and
design ratios related to the location where they are installed and the kind of load to be
satisfied. The correct design parameters allow to afford a maximum level of
achievement of the solar radiation, reducing backup periods and increasing the user
satisfaction level.

In the last years, it was an important increase in the number of solar cooling facilities
and developments of new sorption technologies, helped by the progressive price
increase of fossil fuels and the effect caused on the electricity prices. These effects
lead on the research and development of alternative technics to produce heating and
cooling based on renewables.
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SHC applications are mostly divided in two groups, refrigeration and air conditioning.
For the first case, the cooling operation temperatures should be close to Zero degrees
Celsius and sometimes under this value, while for air conditioning tasks it is enough in
most of the cases to reach values around 10°C (This value depends on the existing
latent load into the air conditioned zone).On contrary, when the controlled zones are to
be heated, the required temperatures would depend on the kind of transference effect
leading the energy exchange and the terminal equipment in charge of distributing the
heating. Different temperature levels around the sorption machine influence the energy
flows moving in evaporator, condenser and desorber, decreasing importantly machine
efficiencies from the optimal operational mode. These decreasing effects should be
controlled with the introduction in thermal loops of heating/cooling storages which
synchronize energy production and energy demand,minimizing time gaps in which
there are no enough solar resources to cover the controllable loads.

In the case of building thermal comfort, controlling the envelope characteristics
establish influences of future weather conditions on the internal ambient. Aspects as
orientation, shadowing, wall and windows insulation levels, affect importantly on the
energy savings and demands of air condition facilities to keep controlled the occupied
volume around a desired comfort set point.To achieve an energetic sustainability, it is
not enough in most of the climates, to have a low energy demand building. It is also
needed to oulffit it with facilities based on renewables that decreases CO, emissions.

STHC technologies are a good option to consider if they meet the following conditions:

o Adequate efficiencies. Thermal Heat Pumps (THP) and solar technologies
should be improved, as well as their dimensioning methods.

e Competitive prices when compared with the classical compression systems, in
terms of investment and exploitation costs.

® Reducing maintenance to achieve longer operational times, increasing yields
and decreasing operational costs.
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1.2 Objectives

The objective followed in this work is the study of four different solar thermal facilities
combined with a predetermined building around Europe, considering for the task:

e two different thermal collectors:
o Flat plates
o Evacuated tubes

e A solar facility combined with/without sorption heat pump to produce:
o Only heating and domestic hot water
o Heating, domestic hot water and cooling.

e An standard 100 m2 building with enough insulation to be accepted in the
European building norms active for each of the studied countries.

The study delivers in a first approximation, the potential that each of the technologies
has around Europe, taking into consideration the number of collectors needed to be
installed, the size, in case of existence, of the Thermally Driven Heat Pump (TDHP)
and backup periods for the chosen facilities. It has been taken for this study 515 typical
meteorological years in hourly format TMY2.

An ad-hoc Visual Basic based software has been made to evaluate for each one of the
studied locations, the hourly demand of a determinate building in terms of heating,
cooling and domestic hot water, combined with the solar energy collected by two
different solar plants in combination with low energy distribution systems installed in the
house. In this way, the four different solar facilities can be confronted from the point of
view of solar technologies, solar pumped heating and solar cooling potential, delivering
a set of indicators to evaluate each of the studied combinations.

In a first step, the studied building was simulated around Europe, with identical solar
collectors, sorption technologies and operative prices to obtain for each location, which
of the studied technologies fits better in that particular climatic conditions. Once the first
European overview is done, the developed software allows a further optimization of the
problem, from the building and facility point of view, to achieve better energetic and/or
economic results around a given location.
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1.3 Document Structure

The present document is developed under the following structure:

Chapter 2: Previous works and methodology, introduces the actual statement of the
technologies used in the work, their expected future and how the proposed
combination between solar driven thermal heat pumps and low energy buildings, could
theoretically increase the set building/system efficiency from an economical and
energetic point of view.

Chapter 3: Climatic Distribution.The large amount of weather files studied made logic
the creation of weather classifications where buildings and solar facilities could be
packed in groups with similar behaviour. Two way of climatic parameterization where
compared for the European zone and a determined raster was defined to divide the
European climates into 49 different climatic zones represented in map and matrix
mode. Maps and matrices will be extensively used through the document as a helping
tool to evaluate the obtained results.

Chapter 4: Building definition.The reference building is described there, as well as the
interactions that a building has with the environment and how heating and cooling
demands relate to them. Each one of the factors affecting building internal conditions
and comfort is deployed from a mathematical point of view and sorted into the
referenceclimatic zones.

Chapter 5:Solar System Definition.The active solar technologies studied were here
related to weather conditions and evaluated for different temperatures and layout
scenarios.

Chapter 6: Combination between building and solar system..Active and passive
elements, solar facilities and buildings, are linked in this chapter to study their common
evolution and how good do they fit together in the climatic zones. The combination is
evaluated and compared under a certain number of different parameters as solar
collector area needed for each case, or how the prices, for each of the components
included in the active system and the energies replaced, could evolve modifying the
economic viability of the solar installation for the studied building.

Chapter 7:Evaluation of different sets Building/System for a determinate climate. As an
example of the possible optimizations to be done in each case, it has been chosen a
city where modifications on building properties clearly change solar facility optimization
results. The scope of the process is decreasing building demands along the year as
much as possible, keeping stable the solar facility usability. Thatmeans a decrease of
fossil fuel dependencies, better solar system efficiencies, lower economical costs and
shorter returns of investment.

Chapter 8: Conclusions
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2. Previous works and
methodology

Given the ambit of knowledge in which the thesis is developed, it was considered
important to analyse different aspects of the current state of the art, as astarting point
to identify the needs of applied research and the problems that are intended to be
solved within this work. This study of the state of the art, frames the work into the
respective technological and scientific fields.

2.1 State of the art

The basements of this work are mostly Solar Cooling technologies and the possibility of
using the thermal chiller in reverse mode along the cold season. This situation obliges
to revisit, in first place, solar cooling improvements, and later on, the evolution of
thermally driven heat pumps used in heating mode.

2.1.1 Solar cooling

Several technologies were available to produce cold using thermal sources with
temperatures over the ambient ones, as happens in the solar cooling case. Florides et
al, 2002 did an overview on Solar cooling methods, classifying them in three main
categories: sorbent systems (absorption and adsorption), mechanical systems and
specific ones. Some other similar references can be found in Gupta et Al. 2008, Kim
and Infante 2007, Best 2007, Henning 2004 or Duffie et Al.1991)
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Table 1 shows as a resume, a classification for solar thermal cooling technologies,
depending on the way the refrigerant fluid is used. Processes can be defined as closed
when the fluid goes through different thermodynamic processes continuously or open,
when the working fluid is being constantly renovated.

Page 8 of 223



Previous works and methodology

Table 1: Solar thermal cooling technologies

Process Closed cycles Open cycles
Cold water production Air conditioning
Sorbents Liquid Solid Liquid Solid
LiBr/H,O
Silica-gel/ H,O Silica-gel/ H,O
lo/ H
Pairs H2O/NH, Act. Carbon/CH, C?C 2/ 10
LiCl/ H,0 BaClNH, LICI/ H,0 Zeolita/ H,0
LiINO/NH;
Tecnology Absortion Adsortion Dissecant liq. Dissecant cycle
Power [kW] 4,5-5000 8-1000 20-350 -
EER 0,7-1,3 (SE-DE) 0,3-0,6 0,5-1 <1
75-110 (SE)

Temperatures [°C] 55-90 45-90 45-70

130-160 (DE)

Among the technologies exposed, systems based on absorption technologies stand out
over the others, by the number of existing facilities and wide range of cooling powers.
(K4-Res-H 2006, Balaras 2007, Kim and Ingante2008, IEA 2011, Mugnier et Jakob
2012) But, overall, it is due to the efficiencies associated to sorption technologies.

Absorption machines, although they were developed firstly along the 19" century,
haven’'t had a continuous evolution from the point of view of development and
distribution, being its evolution intimately related to the conventional fuel prices.

Nogués 2001, relates how the use of sorption chillers were quite usual after the 2"
World War in both domestic and industrial markets because:

o They were gas driven machines, a cheap and easy to obtain fuel

o Lithium Bromide-Water machines were just developed, being obtained better
yields when compared with the classical Ammonia-Water ones, although cycle
temperatures wouldn’t admit other uses out of air conditioning

o Low reliability of electrical grids, causing important economic losses when
electrical systems were in charge of conserving perishables.

The energetic crisis in the early seventies increased fossil fuel prices and the massive
construction in the developed countries of power plants, integrated in more efficient
electric grids,stopped the evolution of thermal chillers. The substitution of sorption
technologies was quickly done with the emergence of new compression chillers, highly
efficient and independent of cooling towers that decreased the installation costs.
Balaras 2007 and Henning 2007 demonstrate that although the efficiency, when
calculated in base to total energy, is higher, when compared in primary energy terms,
efficiency for both compression and sorption cycles are similar.

After these years, research and development of sorption machines was mostly
happening in India and Japan. The availability of LPG’s and geothermal energy in
Japan, helped on the expansion of sorption technologies that in 1975 where widely
used as the compression ones. (Nogués 2001)
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Since 1995, fundamental research in sorption processes increased. Main causes were:

e Farman et al, 1985, discovered the constant degradation of the ozone layer,
explained previously with CFC’s catalysis, in 1975 by Molina and Rowland.
CFC’s where the refrigerant gases used for compression cooling.

e Increase of electrical tariffs, associated to fossil fuel price increase and the
maintenance and custody of wasted nuclear fuel residuals.

e Utilization of solar thermal and other low temperature technologies capable of
driven the sorption chillers to produce cold water.

Mitchel 1986, shows a collection of solar cooling facility yields, based on absorption
machines. Most of the facilities underperform but the efficiencies related variate due to:

e Existence of components with high energy demands as cooling towers,
ventilators and pumps working mostly under wrong control specifications.

o Over dimensioning of facility components, being operated the chiller, most of
the time, in part load conditions, with short cycling periods, and as a
consequence, low efficiencies. (Lazzarin 1980, Blinn 1979).Both effects are
caused by a lack of confidence on the existing dimensioning methods, or the
unavailability in the market of a product adapted to the demanded cooling loads.

Alongthe 20th century last two decades, an important number of IEA programs and EU
financed projects were developed with the scope of definitely push solar cooling
technologies, creating some short of best practises books and some reliable
dimensioning methods to take advantage of the technology. IEA Solar Heating and
Cooling program initiated with the Task 25 and Task 38 the creation of a database
where recorded data, layouts and experiences accumulated from existing facilities
were put together. Collaboration among participants of this IEA Tasks existed under a
variation of national and international financed programs as the European Frame
Programs 6, Intelligent Energy programs, and Frame Programs 7, that gave another
turn to the Solar cooling evolution. Projects like Climasol (Eu Altener 2002),
Solarthermie2000 (German founded project, 2000-2002), IEE Best Results (2005-
2007), IEE Solair (SACE 2007-2009), EU FP6-Rococo (2006, 2008), IEE Solarcombi+
(2008-2010), FP7 Alone (2009-2013), developed different solar cooling systems with
the intention of having enough real data to learn about the technological problems
associated and find solutions that allow a further expansion.Nevertheless, the numbers
of real installations, and from those, the fully monitored ones, deliver not many usable
data. (Henning, 2004, Balaras et al. 2007)

References found in Kim and Infante, have been updated and presented in the
following Table 2. Other facilities, with less amount of monitoring are remarked into the
Task 38 deliverables divided by low power (<35kW cooling power) and over that size.
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Table 2: Reference to real facilities with commercial chillers

Climated .
Cooling Collector Collector’s Global
SBIEETE ?r:]ez? power[kW] Area [m?] efficiency e efficiency
Ward and Lo6f
(1975) 140 10 71,3 0,20-0,25 0,48-0,70 -
Ward et al.
(1976) 140 10 71,3 0,30-0,35 0,30-0,70 -
Van Hatten
and Dato 160 4 36 0,30 0,54 0,11
(1981)
Bong et al.
(1987) - 7 32 - 0,58 -
Al-Karaghouli
etal. (1991) ) 211 1.577 0,50 0,618 0,31
Yeung et al.
(1992) - 4,7 38,2 0,375 - 0,08
Hammad y 0.85
. - 5,25 14 - -
Zurigat (1998) (puntual)
Best and
Ortega (1999) - 90 316 0,26-0,29 0,53-0,73 0,26-0,36
Li and
Sumathy - 4,7 38 0,35 0,55 0,07
(2001)
Assilzadeh et
al 2004 - 3,5 35 - - -
Syed et al.
(2005) 80 35,17 49,9 0,49-0,55 0,23-0,42 0,06-0,11
Zambrano et 0.6
- 35,17 151 - -
al. (2008) (un dia)
Ali et al
(2008) 270 35,17 108 0,35-0,49 0,37-0,81 -
Agyenim et al ) i )
(2010) 82 4,50 12 0,58-0,66
Marc et al.
(2010).Praene 170 30 90 0,20-0,43 0,30-0,41 0,08
et al. (2011)
Bujedo et al.
(2011) 200 35 50+32 0,43 0,57 -
Marcos et al.
(2011) - 42 5 0,30 0,55 0,08
Martinez et al.
(2012) 200 17,6 38,4 0,29 0,69 -
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RHC-Platform, 2012, indicates that, as it has been previously said, the limited practical
experience is one of the most important barriers to develop solar cooling facilities,
being necessary mayor knowledge diffusion. “So far, mainly pilot plants and a few
commercial plants have been in operation, limited practical experience and know-how
is one of the major barriers to widespread installation of solar air-conditioning and
refrigeration systems. Only a small number of professionals are well informed on both
solar thermal and air-conditioning in buildings. Due to this limited experience with solar
cooling and refrigeration systems, measures are needed to encourage the
dissemination of existing know-how and improve system quality” (sic).

As a result, this platform suggests two different ways of expanding solar cooling
markets.

e Theme 1: Improving solar thermal cooling systems components.

e Theme 2: Improving performance, integration and costs of solar cooling
systems.

And as a consequence, it deduces that sorption based solar cooling systems depends
on:

¢ New designs that take into account solar cooling particularities.

e New control strategies to maximize efficiencies, minimizing exploitation costs
and reducing return of investment periods when compared with conventional
systems.

e Development of adequate dimensioning methodologies to avoid bigger as
needed facilities, estimating in a realistic way real system behaviours adjusted
to user needs.

From the results obtained in the above mentioned projects, came the potential to use
the chillers in heat pumps mode during winters and to combine solar thermal collectors
connected to their evaporators. IEA Heat Pump Program Annex 34 (2008-2012) looked
deeply into thermal heat pumps while IEA Solar Heating and Cooling program
Task44/HPP Annex 38 (2011- ) joint forces to connect every kind of heat pump with
solar collectors.

Ziegler F, 1999, 2002 and 2009 describe last performances of sorption heat pumps,
made a summary of the sorption technologies for heating and cooling, comparing the
technologies and describing the challenges to reach a commercial statement. Frank E,
2010 classifies the combinations between Solar Thermal and Heat Pump systems.

Nufez T. (2005 and 2008) describes the development of a sorption chiller and heat
pump able to be driven with solar thermal technologies and further design
improvements, where the solar collectors where always connected to the desorber of
the machine. Mateus T, 2009 evaluated a similar technology in different European
locations.

Haller and Frank, 2011 and Bunea M, 2012 evaluated the potential of using heat from
solar thermal collectors into heat pump evaporators, optimizing the use of both
technologies when working combined in winter mode.
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2.1.2 Thermal Heat Pumps

Thermal heat pumps, and in the case used in this work, sorption machines, need of two
different substances presented as a brine. One of them acts in the cooling cycle as
refrigerant, taking the heat provided by an external fluid needed to be cooled, and the
other substance, absorbs and desorbs the refrigerant, causing two pressure levels and
consequently different temperatures, needed to realize a basic cooling cycle.
(Evaporation, expansion and condensation)

Jakob 2008 analysed the commercial machines available with low cooling powers and
also some prototypes still in development phase. Although there are a considerable
amount of pairs registered and tested, able to be used in thermal pumps, three pairs
commercially predominate over the others:

o Pair Lithium bromide-Water (BrLi-H20).
o Pair Ammonia-Water (NH3-H20).
o Pair Lithium chloride-Water (LiCI-H20).

Some other pairs with potential to be used in sorption machines are: CIBa-NH3 (Rivera
et al. 2007, Le Pierrés et al 2007) and LINO3-NH3 (Rivera et al. 2011).

From a working point of view, sorption machines are composed by four interconnected
zones, evaporator, condenser, absorber and desorber, defined thermodynamically by
two different pressure levels:

o High pressure (HP): condenser and desorber

o Low pressure (LP): evaporator and absorber.

Condenser |l4— Desorber

)¢

, Q’ £

Q. ) Evapor ator p——¥ Absor ber

Figure 1: Working diagram for a single effect absorption chiller
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In Figure 1, it is seen the functional interrelation of each one of those elements as well
as the heat fluxes associated to them. The connection of the studied machines with
external circuits, allow a thermal exchange with three different temperature levels:

o Evaporation temperature (ET): correspondent with the thermal level of
the fluid that should be cooled to realize air conditioning processes. It is the
lower thermal level around the machine, and it should be defined by the
characteristics of the equipment in charge of conditioning the occupied areas.
Depending on the use of radiant distribution, the utilization of fan coils and other
convection based systems or the need of evacuating latent loads, the
evaporation temperature varies. In our studied case, as it be explained later on,
the evaporator will be connected to the cooling demand of the building in
summer case and to the solar thermal collectors in winter case to take
advantage of the energy collected from the sun.

o Condenser and desorber temperature (CT): corresponds to the thermal
level of the heat pump, mostly via cooling towers, geothermal exchangers, or a
low temperature heating distribution system in case that the heat pump works in
heating mode. Along the cooling demand periods, the temperature is hardly
linked to the ambient climatic conditions. This thermal level is intermediate
between the Evaporation temperature and the desorber one. Both condenser
and absorber dissipate the generated heating form the absortion processes and
the injected energy needed to separate the components of the working pair.

o Desorber temperature (DT): corresponds to the thermal level of the
heating source acting as a thermal compressor, and it is always connected to a
high temperature element. In our case, the thermal source would be boiler
during the heating season, heat pump working mode, and the solar thermal
facility when working in cooling mode. It’'s defined a minimum thermal level for
the machine, under which, the system works with low performance ratios, and in
case of solar driven cooling mode, there is a maximum limit that should not be
exceed to avoid a decrease of the solar cooling facility performance. As it is
explained in following chapter 5, solar thermal collector efficiency decreases
with an increase of fluid temperatures when ambient conditions are fixed.

Sorption cycle initiates in the evaporator with the energy exchanged given by the
external low temperature source. In this part of the cycle, low pressure fixed a low
boiling temperature of the refrigerant that vaporize and goes to the absorber mixing
with the absorbent fluid. This exothermal process must be controlled around the level
defined by ET, increasing the solubility of the refrigerant fluid in the solution. The
diluted solution is pumped to the desorber, (high temperature and pressure) where an
external source delivers energy to separate refrigerant (newly sent to the evaporator)
and absorbent fluids (sent to the absorber) to continue the thermodynamic cycle.

As a resume of working modes:

e Cooling mode: The energy delivered to the evaporator (cooling) it is used in the
processdriven by the desorber and evacuates to the condenser.

o Heating pump mode: The energy evacuated through the condenser (heating) is
used for lowexergy heating purposes. Energy is introduced in the sorption
machine by the evaporator (around 10°C) and the desorber (around 75 °C).
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A particularly interesting representation for LiBr-water machines is the so called
Duhring diagram that allows the visualization of the LiBr-Water solution, as a function
of temperature, concentration and pressure. It should be remarked that for high
concentration and low pressure states, LiBr solution crystalizes, stopping the thermal
processes and putting at risk the absorber.

SATURATION PRESSURE (P), kPa

N W oaow

o T;10 20 :?0 40 50 60 70 80 T, 90 100 110 120 130 140 150 160 170 180
SOLUTION TEMPERATURE {t), °C

Figure 2: Diihring Diagram (Source: ASHRAE)

As it can be understood form the operation curves of a typical example of low power
absorption machine, the clasical YAZAKI WFC10, Figure 3, the machine performances
are very dependent on the thermal fluxed surrounding. (Herold et al., 1996; Eicker,
2003) describe how the variation on the input temperatures in each of the four thermal
sources from which the chiller/heat pump is driven, affect their performances and
Bujedo 2014 describe the optimal values in which the machine should work to be
driven by solar thermal collectors. He mentioned that in order to obtain the maximum
energy from the machine working in chiller or heat pump mode, the temperatures
should be as follows:

e To decrease the energy delivered by the backup boiler, and increase the
condenser dissipation, condenser temperatures should be as low as possible
and desorber ones should be closed to the maximum temperature accepted by
the heat pump.

e To increase the energy extracted by the evaporator, their temperatures should
be closed to the upper part of the machine specifications (Evaporation inlet
temperature around 12°C)
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Figure 3: Operational curves for a YAZAKI WFC10 (Source: YAZAKI)

Moreover, in solar cooling mode, where the energy delivered by the solar facility is a
highly important value, to increase the system solar fraction, control set points for the
solar facility should be close to 75°C and condenser temperatures as low as possible.

cw) -
—_ (LT} L .‘
e o
{}j-‘_h] .l
T ‘.
1
| [ .;
| L
Chilied :;} = i :i ool
waler : A ooling
I 7 ! b r @w:ht
| v
|
i Hear medium
: E Ch | wa
|
|
[ B cooting .
- R frigerant liguid
l ] Ketngerant
i =~ vaper
[
Heat = sol uli on
medium
Dribute Lilr
[ .
ot
-

Figure 4: Absorption machines design [Yazaki WFC-10] (Source: ESESA)
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2.1.3 Distribution systems used in this work (Radiant slabs)

Radiant systems have been used in a regular way in North and Central Europe, (Olsen
1997) where the ambient temperatures are usually low. Radiant slabs systems show
the following advantages (Saunier Duval, 2005):

e Distribute the temperatures in a uniform way, reducing the need of creating air
movement in the occupied zones.

e As the emitting surface areas are large, the system allows the use of moderated
flow temperatures that increases the production yields of both heating and
cooling generators.This characteristic stimulates the use of renewables as:

o Radiant heating driven with solar collectors

o Radiant heating driven with heat pump condensed energy, increase the
sorption process efficiency in winter seasons.

o Radiant cooling driven with the heat delivered to theevaporator. The
relative high slab temperatures needed to cool the zones labs, maximize
chiller efficiencies, moreover when combined with cooling ceilings.

e Radiant slabs used for heating and cooling decrease the investment costs of
having two different distribution systems used seasonally.

But show also some inconvenient:
¢ Higher initial costs than a single typical system based on radiators or fan-coils.

e High inertia effects which complicates control when quick demand changes
happen.

o Possibilities of superficial condensations when internal relative humidity is high.
It is obligatory to install superficial temperature probes to control that dew point
temperatures are not reached.

e Temperature profile created by radiant slabs, measured in vertical is similar to
the ideal comfort one in heating mode, but contrary when used in refrigeration.

o Lack of experience and exploitation data in real installations when working in
cooling mode.

De Carli et al., 2002, established that the use of radiant systems need of adequate
control strategies to take advantage of the slabs particularities, as they are the high
inertial masses and the important time constant associated to them. De Carli also
claims for the development of guidelines and tools to achieve nearly optimal behaviour
as a function of the different climatic zones and demand profiles.

Lim et al. 2006, presented different ways of controlling cooling radiant floors focused on
avoiding superficial condensations on the high inertial slabs.

Ren et Al. 2010 overview low temperature radiant distribution technologies to be used
in combination with renewable energies, purposing new components.

Page 17 of 223



Economical and primary energy optimization of solar thermally driven heat pump systems along Europe

2.2 Why Solar Thermally Driven Heat Pumps

The work developed by the author since 2004 was based on identification,
dimensioning, controlling and optimization of solar cooling facilities, but always from the
point of view of increasing the efficiencies of a classical solar cooling layout. In
Rodriguez, J. 2007 this optimization scope delivered as a result, a group of ratios to
relate the number of collectors installed for a solar cooling system with the thermal
storage size and the due cooling power to be installed. Those values defined the
influence of heat accumulation and nominal chilling power when related to the collector
surface area installed, avoiding:

¢ Over-dimensioned water tanks for a determinate collector area and available
radiation. Thoseneed of longer charging periods to reach the selected
temperature needed to stationary drive the machine desorber. This longer time,
in case of being the desired temperature reached, uncoupled cooling demand
and solar heating production, decreasing the total efficiency of the facility.

o Under-dimensioned water tanks that are quickly warmed up, but they don’t
store enough energy to deal with the desorber demand in case of lower solar
radiation availability than expected. This smaller tanks, also cannot store
enough energy in lowbuilding demand periods where there is still enough solar
potential. Their small sizes led to higher storing temperatures and as a
consequence, lower solar system efficiency.

e Over-dimensioned solar platforms, that produce excessive energy in the central
part of the day and the sorption machine and the accumulation system is not
able to dispose. The thermal level of the primary fluid returns to the collectors
at higher temperatures than desired, decreasing the solar plant efficiency by
overheating it. Stagnation temperatures could be reached, damaging the
collectors and decreasing the economic viability of the facility.

¢ Under-dimensioned solar platforms, that doesn’'t produce enough energy to
drive the solar cooling cycle in the central parts of the day, consuming larger
fossil fuel amounts to deliver a determinate cooling power to the building.

The results obtained were coincident with lately published dimensioning norms as the
IEA Task 38 results are, but the facility efficiencies and return of investments were
incompatible with an expansion of the technology. It was also seen in that MSc work,
that in order to achieve shorter backup periods, the utilization of the components,
mostly the chiller, shouldn’t be limited to the cooling season and the solar thermal
platform should deliver more heat along the heating season, where building demands
are higher, although solar availability is a small resource compared with other times of
the year. These last results are also coincident with the ones obtained by SolarCombi+
project (SC+) and ROCOCO project, among others.

On the base of the exposed previous results, this work tries to evaluate a system that
produce energy all along the year, minimizing the size of the complete installation to
facilitate the achievement of acceptable payback times.
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The integration of sorption heat pumps into the solar heating system of the building
exploits the combination of two different effects:

e Utilization of the condenser flows to activate low temperature heating systems.
Data provided by the manufactures of different sorption machines; show how
the optimal values for the condensing temperatures of their products stay
between the 24 and 31 degrees Celsius when entering the machine. With these
condensing operational temperatures, the machine deliver to “our heat sink”
(building demands) flow with temperatures around the 29 to 36°C, being
supposed a design AT=5K. That values perfectly fit in the ranges demanded to
drive low temperature heating systems as radiant floors, and permitting an
increase of winter savings, and as a consequence, total savings of the systems
along the year .

e Utilization of the collectors in the evaporator of the sorption machine. Total
radiation collected by the solar plant in winter period is much lower thanalong
the summer time, but the use of this energy in low thermal levels, around a
maximum value of about 20°C, maximizes the efficiency of the collectors and
allows the heat pump to increase the thermal level of this energy connected to
the evaporator until the needed 29-36°C with high conversion rates.

Those two effects working in combination with a heater (always present in a solar
facility), that provides power with temperature levels rounding the 80°C to the heat
pump desorber, increases the energy delivered by the solar facility and decreases the
fossil energy demanded by the building in numbers theoretically closed to a 37%.
Sorption machines with COP’s around 0.65 in chilling mode, have efficiencies of 1.65
when relating the energy exiting the condenser with the energy delivered to the
desorber. It means, a 37 % of the energy delivered to the building will be, in case of
enough solar availability, saved by driving the TDHP evaporator with thermal solar
collectors
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Figure 5: Proposed TDHP layout to be studied in this work
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The proposed layout, in a general way, it is described in Figure 5. From left to right it
have been disposed a solar thermal platform hydraulically separated from the rest of
the facility with a heat exchanger to allow the utilization of glycol in the external circuit
that avoids fluid freezing while the internal pipes work with water as energy transporting
fluid (Numbered 1). Two different hot water tanks where designed, one for hot process
water storage and the other for DHW, to remark the idea of thermal stratification needs.
This solution is an acceptable possibility to avoid legionella problems (Numbered 2).
Both storage tanks are connected to a diverter valve that adjusts water thermal levels
to the demand needs with the potential use of a water boiler.

In case of having enough power collected from the solar system, a diverter valve sends
the fluid directly to a hot water distribution pipe that feed the different systems installed.
If not, the existing boiler drives the system in backup mode (Numbered 3).

A thermal heat pump (Numbered 4) is sited after the collectors and the boiler. It can be
connected to those components in two different ways:

e Summer mode: Solar thermal collectors and boiler are together potential heat
sources connected to the desorber.

e Winter mode: The boiler is connected to the desorber while the solar collectors
drive the evaporator, delivering the machine hot water with a thermal level
ranging from 12 degrees, correspondent to thelower system performance,to 20
°C where the highest performance level is reached. Once the balance point of
20°C is reached, the solar collectors could potentially fully drive the radiant
slabs without the need of fossil fuels. The boiler is switch off and the collectors
would be connected directly to the radiant distribution system without passing
through the heat pump.

After the heat pump, there is a cooling tower, that representsa sink where the
condenser energygoes in chiller mode (numbered 5), and one secondary energy
storage able to work, in summer mode as cooled water storage, and in winter mode as
heating water storage (Numbered 6). The main mission of this tank is to accumulate
tempered water previously produced and have it available to be distributed into the
building in times where the renewable heating/cooling production doesn’t exist or it is
not enough to cover building demands. As it was previously explained, on the hot side
of the machine, connections with the heat pump will be done through evaporator and
condenser, for cooling and heating mode respectively.

A final connection of the complete facility stays with the number 7, correspondent to the
building radiant systems in charge of delivering heating and cooling into the controlled
areas.
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This layout has been partially replicated since 2007 by remodelling existing installations
or designing new ones where the conceptual designs could be tested. Data collected in
the following systems are being used to tune up controls and new installation designs:

The existing solar facility installed in Cartif building 1, described in Poncela et Al
2001, was modified in 2007 to allow direct connections between the evaporator
of an existing YAZAKI WFC-10 to the building radiant slabs. The hardware
changes realized focused the idea of increasing cooling water demand seen by
the chiller (the sorption chiller was in a first time, connected to seven fan coils
with a total cooling demand much lower than the nominal chilling power of the
machine). Nowadays, higher evaporation temperatures and an stable demand
profile leads to higher efficiencies registered in the facility as explained in
Bujedo et Al. 2014

Conceptual designs were done for a solar thermally driven heat pump with
geothermal connection installed in Cartif Building 2. In this case, the system
was planned to tap the stability in one of the three thermal levels (geothermal
condenser).This situation facilitates the system control and also increases the
total system efficiency. Further details of the facility can be found in Macia A,
2009 and Macia A, 2013

Design and installation of a laboratory where thermal heat pumps could be
tested in a wide range of temperatures and different hydraulic connections that
validate the proposed layout. COSMO lab is installed and running in EURAC
research Institute (Bolzano) (Sparber 2007,Rodriguez, 2009)

Conceptual designs of a district heating connected heat pump installed
nowadays in SEL Headquarters, Bolzano, with the idea of stabilising desorber
temperatures and investigate the potentials of thermal heat pumps when
connected to district heating rings. This facility allow testing different controls
based on desorber temperatures for a determinate building cooling demand
eliminating the variability of solar radiation.
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2.3 STDHP Proposed working mode

A Solar Thermally Driven Heat Pump facility (STDHP) conceptually works in three
different ways explained along the following three subchapters, in which the system
layout represents the different energy sources and building demands with a coloured
scale (red means the highest thermal level and dark blue the lowest, while grey
denotes pipelines not used in each specific operation mode).

2.3.1STDHP Summer time working mode

Along the summer, the facility behaves as a typical solar cooling system delivering cold
and domestic hot water to the building.

e The solar platform collects energy with relatively high temperatures, around
80°C, to drive DHW systems and the machine desorber. The backup boiler is
active to cover building demands when the solar system is not providing enough
energy. (Red colours correspond to the hot water outing the collectors and the
boiler and orange ones to the returning flows and “ready to use” DHW.)

e The evaporator delivers cold water to the radiant surfaces, able to extract the
internal excessive heat of the building, cooling demand. (Soft blue lines)

o The condenser discharges the energy exceeds into the ambient. (green lines)
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Figure 6: Solar Cooling working modus (storages are not represented) (Source Sparber)
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2.3.2 STDHP Winter time working mode

Along the winter season, when there is no enough solar radiation available to reach at
least 40°C into the storages, the solar plant delivers energy to the evaporator of the
heat pump with temperatures under 20 degrees and always over 10°C to avoid
crystallization problems. (yellow lines).lt has being supposed that in winter time there
is no enough radiation to store water with 40°C able to drive building demands or 60°C
needed for DHW.

e The boiler delivers energy to the DHWS and the desorber of the heat pump (red
lines) until the energy level of the fluid coming from the collectors reach the
minimum temperature needed to feed directly the heating systems without need
of the heat pump. In this moment, DWHS pass to be controlled by the boiler and
the radiant floors are driven by the solar thermal plant, prioritizing the DHWS
over building heating.

e The condenser of the sorption heat pump delivers hot water with enough
temperature to be melted into the house, compensating building heating
demand. As explained in previous lines, when the solar plant would reach
similar temperatures as the condenser ones, the heat pump is to be switched
off and building energy demands are to be driven directly by the solar plant.

e Heat sink is kept off.

Backup Boiler

s
i Eed)

Heat Sink

Figure 7: Solar Heat pump heating working modus (storages are not represented) (Source
Sparber)
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2.3.3 STDHP Spring/Autumn working mode

For intermediate seasons, the solar plant only delivers DHW or radiant heating to the
building (when demanded) without using thermal heat pumping effects.

Solar systems collect energy that is delivered to the building through the radiant
slabs and warm DHW. That last load is always prioritized over building heating.

Backup boiler is kept in standby, only to attend building loads and DHWS when
solar facility is not able to do it.

Heat pump is switched off.

Heat sink is switched off.

Backup Boiler

el

b2l Heat Sink

Figure 8: Solar heating working modus (storages are not represented) (Source Sparber)
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2.4 Methodology

Following chapters of this work evaluate the possibilities of different solar thermal
technologies around Europe, being studied the energetic and economic influence of
parameters correspondent to:

e Facility: Two different layouts are compared. The first one uses the collected
energy only for heating and DHW while the second scopes also on cooling
production. Both systems differ on the integration in the loop of TDHP’s.

o Different types of solar thermal collectors: The utilization of two different solar
thermal collectors, representing flat plate and evacuated tube technologies, is
studied.

o A well isolated house with fixed parameters and physical characteristics
represents the building object of study. Its demands, heating, DHW and in some
cases cooling, will be satisfied with the energetic production of the four possible
solar thermal layouts.

e Different climatic conditions. The set formed by the building and each one of the
solar thermal layouts is to be studied in 515 locations around Europe to
compare the potentials of each technology.

A sideways glance to the potential number of combinations to be studied, derived, first
of all, into the creation of a common methodology to dimension solar plants, and lately
the obtained results should be sorted by climatic zones in which the building and its
correspondent solar facilities are placed.

Solar plants sizing was optimized to cover completely each month the smaller of the
heating/cooling demand of the house, minimizing the exceeding energy produced
along the year and optimizing the economic costs. In a first approximation, it is
evaluated winter and summer demand peaks for each location and compared with the
available solar radiation during this period, obtaining as a result two different collector
areas that fully cover “heating+DHW” and “cooling+DHW” demands. The smaller of
both results define, in a first iteration, the season of the year to which the facility will be
optimized.

Figure 9 and Figure 10 represent as an example of the methodology, the heating and
cooling demand calculated for the building described in Chapter 4, placed in Valladolid
(Spain). As it can be seen in Figure 9, the peak corresponding to the summer demand
(blue solid area) is a little bit higher that winter one (red solid area) but the radiation
available (green line) during the months of June and July is approximately 4,5 times the
one of December and January.
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Figure 9: Monthly heating and cooling energy demands and energy global radiation on horizontal along
the year.

Moreover, the different thermal levels needed to deliver heat in winter to the building
terminal elements (maximum temperatures of 40°C) and in summer to the sorption
machine (around 80°C), combined with ambient conditions as dry air temperature and
available solar radiation,modifies the efficiencies of the chosen collectors. In order to
calculate which is going to be the collector area installed in the building to maximize the
use of the collected solar radiation, two different cases are been calculated:

The amount of solar collectors needed to completely cover in a monthly base
the cooling and the DHW demand, considering the sorption machine and the
collector efficiencies for temperatures around 75°C. Set point temperature to be
reached by the solar plant to assure firstly the production of DHW and lately
drive the sorption machine, assuring enough energy to satisfy both
demands.[Bujedo,2014]

e The amount of collectors needed to cover the heating and DHW demand,
prioritizing the one that requires lower thermal level with higher efficiency in the
solar plant. As the solar facilities are considered as a backup source, the
existing boiler will take care of the demands that need of higher thermal levels.
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Figure 10: Heating and Cooling energy demands along the year (combined with Collector area
optimization)

Figure 10 increases the values represented inFigure 9with the optimal collector areas
that covers heating and cooling demand, calculated in a monthly base. It is seen that
the maximum areas needed to satisfy completely the summer demand are lower than
the amount obtained to do it with the winter one. This result determinesthe season to
be optimized in a second step, where the calculation periods are being narrowed from
a monthly calculation time range to a daily one. In the following simulation phase,
different facility configuration are tested to find which one is the optimal for the set
building-THDP-collector-climatic condition avoiding excessive collected radiation and
minimizing machines, pumps and collectors sizes.

The process here described is repeated for each one of the climatic conditions
available, obtaining a multidimensional matrix that contains:

e The location of the simulation, classified by climatic parameters. It allows the
comparison among results obtained for different places,

e And the optimal collector area for each one of the collectors evaluated, the
number of working hours for each one of the configurations studies, the fossil
energy saved or the economical returns of investment for each case of study.

Joining all these results by climatic characteristics, allow the researchers a wide
knowledge of the possibilities for each one of the systems installed in places with
comparable climatic conditions.
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3. Climatic Distribution

To achieve the objective of evaluating a set of different solar facilities in combination
with the building demand around Europe, a total of 515 weather files were collected in
format TMY (Typical Meteorological Year) from databases distributed with two well-
known, and widely accepted softwareas Trnsys and Meteonorm are.

From the total amount of data files, there were only used 375 TMY files resulting after
an elimination process that avoided the duplication of locations separated less than 10
km (It can be appreciated in tFehler! Verweisquelle konnte nicht gefunden
werden.hat in Switzerland, northern Italy, southern England, and in some other points
distributed along the map, there are duplicated points that were eliminated for this
study)
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Figure 11: Greographical distribution of the 514 weather files used for the study

The weather formats used are typical meteorological years in version TMY and TMY2.
The files contain hourly information collected in the respective weather stations, written
in a particular way.On the basis of a macro file obtained from the National Renewable
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Energy Laboratory (USA) web page,[http://rredc.nrel.gov/solar/pubs/tmy?2]it was
obtained for the definitive locations the following hourly values:

Table 3: TMY and TMY?2 includedparameters

Name_ of the Country Latitude Longitude Altitude over
city sea level

Direct Normal radiation
Diffuse Horizontal radiation
Cloudiness factor
Dry ambient temperature
Dew Point temperature
Relative Humidity

Atmospheric Pressure

And on the base of the read values, an ad-hoc created Visual Basic based macro,
calculates further parameters based in EN 15927-5 and EN 15927-6:

Table 4: Weather parameters calculated with TMY and TMY?2 files

Name of . . Altitude over
the city Country Latitude Longitude the sea level

Heating Degree Days
Cooling Degree Days
Daily Direct Normal radiation
Winter Climatic Severity
Summer Climatic Severity

Enthalpy Climatic Severity (ECS)

The obtained results will help to divide the European climates intocategories that define
every location by two indexes related to the heating and cooling period. In this way it is
assured that in places with similar index values, buildings and facilities there installed,
will behave in similar way under the same occupancy profiles.

Different ways to classify climates were studiedin this chapter, being realized some test
with real monitored buildings to assure the capability of the method.
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3.1 Geographical evaluation:

The psychometric diagram delimitates into trapezoids the acceptable living conditions
for winter and summer season. As can be seen in Figure 12, for an humidity of 50%,
temperatures of 21°C in the heating season (blue trapezoid), and 25°C in the cooling
one (pink) assure the inside quality.

Moving the red point to the left on the 50% relative humidity curve, the amount of
energy that the building loses in winter time to the environment is lower. The contrary
happens in summer time with the blue point.

To define parameters proportional to the building loads, it was decided to evaluate as
internal conditions, 21°C in winter time, and 26°C in the summer season (Figure 13 )
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Figure 12: Optimal comfort conditions on a psychometric diagram

= =]
L= =
- =
8 i
w0 =
$ g
=
=2 B
2 B
a b
5 :
=
o ©
2 ]
% %
g !
-t w
- o
1% 0 -3 w

temperatura operativa (C)

Figure 13: Ambient conditions selected within this work.
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3.1.1 Geographical evaluation based on degree days

3.1.1.1 Heating Degree Days (HDD'’s)

This parameter is a quantitative index designed to reflect the energy demand needed
to heat a building. It is used to have an initial evaluation of the amount of energy lost by
the envelope of the building

The value is derived from daily temperature observations and calculated as the yearly
sum of the difference in degrees between a base temperature that define the internal
building ambient temperature (typically 21°C is the temperature where the maximum
level of acceptance, MPV) and the external dry temperature.

Equation 1: Heating degree days (base 21°C)

8760 365

21—-T
o0 = 3O Tes) S
d=1

h=1

™z HDD-T, = 21°C

B - 3.000
B 3.001-4.000
[ ]4001-5000
[ 15.001-6.000
B > 6.000

oMW o 10"E 20°E 30

m

Figure 14: Heating degree days in Europe

HDD values computed for all the considered climatic files goes from the minimum one
of 1322 degree days (Messina, IT) to the maximum one of 8590 degree days
(Karasjok,NO). As it can be seen in Figure 14 under the line limited by latitude 58 N
there is nearly no place with HDD values over 6000 out of some red points
corresponding with mountains located in the Alps (several points in Switzerland, Italy
and Austria and Hungary), mountainous places around Fichtelberg (border between

Germany and Czech Republic) and locations around the Carpathian Mountains
(Slovakia)
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Figure 15: HDD cumulative distribution (HDD) and Percentile 5% interval amplitudes(Delta HDD).

The HDD distribution corresponding to the complete set of 375 climatic points has
being divided in 20 intervals with equal amount of cities (5% percentile). It can be
appreciated in Figure 15 how the last two intervals, containing 37 cities, cover an
amplitude of 3494 HDD’s from the total difference between Messina and Karasjok of
7270 (approximately a 48% of the total interval) That value denotes that a 10 % of the
cities have winter climatic conditions much harder than the other 90%. It is also seen in
the previously mentioned figure that HDD around 4000 are the most frequent values
around the studied European places. The correspondence of Figure 14 and Figure 15
can be described as follows:

e Green zones of the Figure 14 correspond to percentiles between 40 and 80%
e Dark blues correspond to the 0 to 10% Percentile
e Yellow ones to the 95% Percentile

e Red positions correspond to the 100% (Mostly Nordic countries and mountain
places)
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3.1.1.1.1  Winter Heating Degree Days (WHDD)

It has being defined the parameter WHDD in the same way as it happened with the
HDD with the unique difference of counting the number of degrees under 21 only
during the months of December, January and February in order to test the clima-
hardness of a determinate location out of the winter period. As it could be expected, the
warmest European locations concentrate 97% of the HDD during winter month’s values
that decreases when moving to the north until a minimum data of 76% corresponding
to the Nordic countries. The existence of these divergences, allow the exploitation of
the solar facilities longer in time, during periods when solar radiation is higher than in
December to February.

Equation 2: Winter Heating Degree Days (base 21°C)

1416 (21 T ) 28.Feb
WHDD = z S Z (21 = Tamp )
h=8016 h=01.Dec
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3.1.1.2 Cooling Degree Days

Cooling Degree Days parameter (CDD) is defined in a similar way as HDD. It is used to
evaluate the gains obtained by the building due to the external temperatures. Summer
internal reference temperature taken is 26°C.

Equation 3: Cooling Degree Days (base 26°C)

8760 T 26) 365
CDD = Z % ~ Z(Tamb,d — 26)
h=1 d=1

In this case, the corresponding absolute values to the cities goes from the 0 (many
cities that does not need any cooling production to cover the demand correspondent to
the conduction and convection effects through the envelope) to the 382,78 of Kilis, TR.

e CDD-T,es = 26°C

<5
Bs1-15
[]15,1-30
[ 130,1-100
[ 100,1 - 150
B > 150

Figure 16: Cooling degree days in Europe

Figure 16 and Figure 17 represents the geographical and cumulative distribution of the
CDD for the studied locations. In the first representation, it can be seen how the places
with representative CCD values are placed under the latitude 45N as could be
expected (south Europe) with higher values under the latitude 40N where the values
overpass the 150CDD. Attending to the second figure, it is clearly seen that 65% of the
studied locations don’t have appreciable CDD values, a 5% of the cities cover half the
CDD amplitude (percentile over 95% cover an interval of 1770CDD) while the other 30%
of the locations represent 171 CDD).
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Figure 17: CDD cumulative distribution (CDD) and Percentile 5% interval amplitudes (Delta CDD).

The minimum 1322 HDD from Messina are nearly 4 times the maximum CDD value,
remarking the idea of the higher importance of heating against cooling around all
Europe. (At least when considering only, as it is the case of HDD and CDD, the effects
associated to the building envelope)

3.1.1.2.1  Summer Cooling Degree Days (WHDD)

It has being defined the parameter SCDD in the same way as it happened with the
CDD with the unique difference of counting the number of degrees over 26 only during
the months of June, July, August and September in order to test the clima-hardness of
a determinate location out of the summer period. As it could be expected, the ratios
between CDD and SCDD demonstrate that only a 15% of the studied zones count with
CDD’s out of the summer period. (That 15% of the cities locate less than the 97% of
the CDD during the summer)

Equation 4: Summer Cooling Degree Days (base 26°C)

8760 (T _ 26) 365
SCDD = z % ~ Z(Tam,,,d —~ 26)
h=1 d=1
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3.1.2 Geographical evaluation based on Climatic severity indexes.

As noticed by Brian Ford et al., Markus et al 1984 developed a technique which allows
characterizing the hardness of any given climate on a building of known characteristics.
This technique is carried out by means of the calculations of the Climatic Severity Index
(CSlI), a single number on a dimensionless scale which is specific for each building and
location.

The advantage of the Climatic Severity Index (CSI), in contrast to the simple degree
day total, is that it takes in account a further climatic variable (radiation).

The CSI used in this documentis defined as the dimensionless relation between the
heating or cooling demand of a given building in a specific locality, divided by a
reference locality. The thermal engineering group of the University of Seville first
presented this definition in a project entitled ‘Dwelling Energy Labelling’. Using a
building thermal simulation program called Passport+, the heating and cooling
demands of a large number of buildings of various types were calculated for all 50
Spanish capitals. The CSI was then calculated as the relation of those demands
divided by that obtained for the same building for a specific reference locality where
Madrid was found to be the best reference locality as its climate is situated in the
middle of the entire range.[Sanchez de la Flor et al.]

Two different winter climatic conditions could be considered identical if the heating
demand is the same for a certain building. Then, we could say that both winter climatic
conditions have the same Winter Climatic Severity (WCS).

The same definition is valid for cooling demand and the term used would be Summer
Climatic Severity (SCS). It could happen that two different climatic conditions have
equal Winter Climatic Severity (WCS) and different Summer Climatic Severity (SCS),
and vice versa. [Ford B et Al.JFurthermore, it can be said that a given climatic condition
is ‘X’ times more severe than another if the energy demand of a certain building is ‘X’
times higher in the first case than in the second.

As it will be seen in the following subchapters, these two newly introduced indexes join
to the importance of the envelope and its energy losses, a new term with the radiation
that affects the building demand in two different ways:

e Increasing the superficial temperature of building’s external walls. Higher
external temperatures reduce the temperature difference between the intern of
the occupied zones and the ambient, decreasing the envelope energy losses
during winter time and increasing the energy gains in summer.

e Delivering the building a direct solar gain through the windows that helps to
contain the energy demand during the heating season, but increases the
building needs in summer time during the day.

The introduction of Climatic Severity Indicators filters the “monotony” of the European
Degree Day distribution pointing out cold zones with high solar radiation in winter time
and others with low radiation in summer time. The first zones are interesting for solar
heating facilities and in the second one decrease the expectation on solar cooling
applications.
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3.1.2.1  Winter Climatic Severitylndicator (WCSI)

In order to analyse the influence of the exterior conditions over the heating demands of
a given building using the concept of Climatic Severity Indicator, it is necessary to
express the relation between the CSI and the common climatic variables. WinterCSlI it
is defined as an index that parametrize how extreme are the studied zones along the
winter season when ambient temperatures and solar radiation is computed.

Equation 5: Winter Climatic Severity Index [171]

winterCSI = a-Rad + b - WHDD,y + c - Rad - WHDD,o + d - Rad? + e - WHDD,,* + f

a b c d e f
-8,3510°  3,72-10° -8,62:10° 4,88-10” 715107 -6,81-107

Where:

e WHDD, is the mean value of the heating degree-days (December, January and
February) with a base temperature of 20 °C

¢ Rad the mean accumulated global radiation over a horizontal surface (in
kWh/m2) for the same months.

Figure 18: Winter Climatic Severities in Europe
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Figure 19: WCS’s cumulative distribution and amplitude of the interval 5% Percentile

Figure 19 represents how the percentiles 5%, group the studied places based on a
WCS division. It is easy to see that the intervals of each percentile has an average
around 0,35 winter severity units of the total length of 10. (Both Winter and Summer
Climatic Severities have being re-dimensioned after their calculation to an interval 0-10
that allows a more clear understanding of the severity’s magnitudes).

Only the last defined interval is completely different to the others, and corresponds to
Nordic locations and some central European climates with high altitudes. Comparing
the distributions of the WCS and HDD presented in Figure 19 and Figure 15, the
climatic severities create 19 city groups with similar parameter amplitude and a 20"
one that contains a 5% of the cities with appreciable differences to the ones contained
in the previous interval, while the 5% percentile distribution of the HDD does not
maintain an homogeneous amplitude of the intervals.
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3.1.2.2 Summer Climatic Severitylndicator (SCSI)

In the same way as it was defined the WCS,it is developed the Summer Climatic
Severity (SCS), weighting the influence of the solar radiation as an added parameter
related to the gains that a building obtain from the external weather conditions during
summer time.

It is calculated as follows:

Equation 6: Summer Climatic severity Index[171]

summerCSI = a-Rad + b - SCDD,o + ¢ - Rad - WHDD,o + d - Rad? + e - WHDD,o* + f

a b c d ) e f
3724-10°  1,409-10°  -1,869-10~ -2.053-10°  -1,389-10°  -5434-10"

Where:

e SCDD is the mean value of the cooling degree-days (June, July, August and
September) with a base temperature of 20 °C.

e Rad the mean accumulated global radiation over a horizontal surface (in
kWh/m2) for the same months.

Figure 20: Summer Climatic Severities in Europe

Figure 20 and Figure 21 show in two different ways the distribution of the locations in
base SCS’s and shows that 0,25 points of the SCS 10 units interval, corresponds to 50
percent of the studied climatic conditions in summer case. It means that most of the
European locations have a non-severe summer.
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Figure 21: SCS cumulative distribution and amplitude of the interval 5% percentile
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3.1.3 Enthalpy latent days index

Until this moment, it has been evaluated Europe in a base of 4 different parameters,
two mainly for summer time and another pair for winter, that can relate the energies
demanded by a building to the external temperature and radiation. Both weather
characteristics affect sensible loads but it is also needed a new component to compute
latent loads considering the humidity that will enter the occupied zones via infiltrations
and ventilation

Huang et al 1986 and Sailor, 1998 introduced the use of enthalpy latent days (ELD) to
incorporate the influence of humidity on energy consumption.

Enthalpy latent days are the summation of enthalpy differences between the outdoor
air enthalpy hy and enthalpy at the outdoor air temperature 8b and a reference absolute
humidity x,

Equation 7: Enthalpy latent days index

24
1
ELD = 52 -Z[ho(eo,xo) — hy (69, xp)]

i=1

B0, >0 ; Xo,> Xp

Usually there is no latent load considered during heating seasons due to the
inexistence of heating systems to control the air humidity out of the AHU installed in big
office or public buildings, so it has not being considered for the following chapters of
this work. Nevertheless, ELD is an important parameter to be considered in large
building evaluation.
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3.2 Application of CSI's to evaluate different building
consumptions.

The scope of this approach is to compare two different methodologies for the
assessment of building performances under modified outdoor conditions. As shown by
Sanchez F et al., the great diversity of characteristics of the open spaces surrounding
buildings can modify general energy balances and consequently affect thermal
performance. One of the methods will relate the building demand to the Heating degree
days and the other one to a modified Climatic Severity index.

The main equation for the CSI simplified model is defined as follows, including the
modification to use the absolute (measured) value of Net Fossil Energy Consumed
(NFEC) instead of CSI. NFEC and climate data (Rad, HDD) are derived from the
measured and simulated values obtained from the specific building data loggers.

Equation 8: Correlation of the NFEC based on Climatic Severities Theory
NFEC=a-Rad+b- HDD+c-Rad- HDD+d - Rad” +e- HDD' + f

In Appendix A, there were compared the two methodologies (HDD vs. CSI) for the
assessment of building performance under modified outdoor conditions when applied
on three buildings, with different typologies, and located in three different climatic
conditions, in order to obtain a method classification, based in accuracy, under a
variety of parameters.

NFEC for each of the three buildings were computed comparing the two methodologies
in three different time intervals, to study the capacity of both methods to discover
inertial behaviour of the buildings. HDD’s and CSI’s evaluate the building consumes in
a diary, weekly and monthly interval. For each one of the studied examples, exploded
in Appendix A; the approximation which used radiation and temperatures fitted better
the building behaviours than the one based on heating degree days (HDD)

In summary, the results obtained in the Appendix A, are exposed inTable 5.

e Building demands are more accurately calculated when solar radiation and
external temperatures are computed in the study (CSI method), compared with
the classical HDD ones.

e Increased evaluation times reduce the differences between methods for both
well isolated buildings, ZUB and Cartif,.where control strategies are common for
the complete building. TUC building presents an exception in the defined
behaviour caused by the independent control of each one of its occupied zones
and high time variability ofzone occupancy profiles.
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Table 5: NFEC setting: Result comparison obtained with CSI method against HDD method for
the three studied buildings and three different time intervals

CSIvs HDD (%) ZUB Building (D)  TUC Building (Gr)  Cartif Building (Sp)

Daily 21.84% 14.01% 71.43%
Weekly 19.6% 24.76% 30.39%
Monthly 12.17 16.51 9.54

3.3 Conclusions of this chapter

It has been demonstrated the higher accuracies of CSI's method against the Degree
Day one to obtain heating and cooling demands for three different buildings sited in
three different climatic regions. Climate severity indexes contain more information than
the degree day to evaluate the demand of a building and as an extrapolation of the
result, to evaluate the different climatic zones in which Europe is divided to get a clear
view of the different pairs, summer and winter severity.

For summer cases, it was demonstrated the importance also of the humidity in short
time intervals. ELD method doesn’t sum any improvement when applied in a monthly or
seasonal base(Appendix A). This result allows dividing Europe in different summer
zones based only on normal climatic severities (radiation and degree days) without
considering latent disturbances.

This chapter divide Europe in 49 summer/winter indexes combinations that will be
finally used to study the importance of the solar technologies.Table 6 and Table 7
define the interval limits for which the European distribution was done.

It should be noticed, that in order to have a 0-10 interval for both indexes, the resulting
values of applying SCS (-8.977 to 1.16) and WCS (1.534 to 18.72 ) were lineary
distributed in the interval. (Equation 6 and Equation 5, respectively).Negative values for
SCS are caused by the use of coefficients for Spanish climatic conditions that are not
expected so cold in the case of the Summer severity.
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" Summer Climatic Severities
- Sum. Exc. Heat Class

|:| Summer Class A
[ | summer Class B
|:| Summer Class C
|:| Summer Class D
- Summer Class E
Il sum Exc Cold Class

Table 6: Interval definition for Sumer Climatic Severities

Minimum SCS value Maximum SCS value

SCS Exc. Hot 0 2.42

Class A 243 7.07

Class B 7.08 8.54

Class C 8.55 9.25

Class D 9.26 9.66

Class E 9.67 7.79
SCS Exc. Cold 9.8 10
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Winter Climatic Severities

- Winter Class 1
|:] Winter Class 2
|:| Winter Class 3
|:| Winter Class 4
- Winter Class 5

I Winter Exc. Cold Class

Table 7: Interval definition for Winter Climatic Severities

Minimum WCS value Maximum WCS value

WCS Exc. Hot - —

Class 1 0 1.53

Class 2 1.54 3.06

Class 3 3.07 3.96

Class 4 3.97 4.97

Class 5 4.98 7,64
WCS Exc. Cold 7.65 10
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Table 8 and Table 9describe numerically the final distribution of the European Climates
based on a Severity Index Classification, by number of evaluated weather stations and
percentage of the total studied climatic conditions placed in each category.

Table 8: Number of European Cities from the total studied ordered by WCS and SCS index

Summer Climatic Severities's

Winter Climatic Severities's

Exc.
Hot

Class 1

Class 2
Class 3
Class 4
Class 5

11

Table 9: Percentage of studied cities classified by climatic severity indexes

Summer Climatic Severities's

Winter Climatic Severities's

Class 1] 1,33%

1,60%

Class 2| 0,80%
Class 3
Class 4
Class 5

3,20% | 4,80% | 1,87%

1,87%

2,93%

7,20%

Appendix B sets into the proposed classification, weather parameters as HDD;
CDD,CSI, Dry bulb temperatures, Global radiation on horizontal plane along the year,

etc.
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4. Building definition

The way the building was simulated, it is done on the base of solving in hourly steps all
the physical equations that affect building demands, considering one unique occupied
zone with a determinate geometry, air volume, internal thermal capacities, ... working
under predefined external weather conditions and internal scheduled loads. A solver
based on a mix of transference functions and thermal balances via conduction,
convection and radiation equations lately exposed, was developed to obtain an
approximation of the building demands along the year. This work does consider a
single zone building as the usual cooling and heating domestic devices only deliver
energy to one private final client.

The main difficulty associated to the building thermal simulation, comes through the
cooling demand evaluation. While in case of heating every internal gain is positive for
the system, occupancy loads, electrical equipment, lighting, contribute to increase the
thermal level and as a consequence, decrease the heating demand, during the cooling
periods all that loads become and added effort to the air conditioning systems in their
effort to keep temperature and humidity controlled in-between determinate boundaries
that assure internal thermal comfort. This comfort is controlled in the domestic building
market during winter time mostly with a unique variable that is the internal dry air
temperature, while during the cooling season two measurements are needed to control
sensible and latent loads, dry air temperature and humidity. Sensible loads increase
the air temperatures while latent ones affect to the amount of steam that the air mass
contains. (Human body reacts to relative humidity values out of the interval 35 to 65
percent, where out of comfort conditions are defined. All energytransferences are
calculated to satisfy the temperature and humidity values settled for the occupied
zones to assure maintenance of occupant thermal comfort.

In this work, it has not been considered other different comfort types, as can be air
quality, thermal asymmetries or draft effects created by the air movement that mostly
are not evaluated in the domestic market.
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4.1 Constructive description of the studied building

A building model has been defined for the development of the evaluation tool with two
different objectives:

1. To evaluate a common building, insulated enough for Europe, in different
European climates

2. To allow the possibility of commonly optimize a building and its correspondent
solar thermal system a determinate location, assuring the simulation tool user a
wide enough possibilities set to test different orientations, materials, insulation,
windows, glasses...

Building shapes are presented in a schematic way in Figure 22. The studied building
has walls oriented every 45 degrees, beginning from the south orientation (0°), and for
each one of the surfaces, it can be defined the wall area, the window percentage for
that wall, and the coefficients that define walls and glasses to be simulated
(emissivity’s, g- factors, U’s, etc...). Floors and roofs can be defined separately
allowing the definition of multi-storey buildings based in a repeated floor area. Further
data as the hourly occupancy rates and loads scheduling, are also defined to be lately
able of obtaining valuable simulation results.

The initial building size, used for the simulation, was chosen from the values published
by INE (Spanish Statistic National Institute), that describe as the typical Spanish family
house a 93.75m? living area space usually distributed in three rooms plus kitchen and
bathroom. The typical occupancy number is four people that work or go to school until
around 18:00 during the working week and spent more time at home Saturdays and
Sundays.

) | LLIIIT]|

I |(LILIL| @ | § ~ e

Figure 22: Schematic view of the simulated building
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As a resume, the characteristics of the simulated building are:

Single floor occupied space with 2,5 meters as constant height

Ground contact and roof existence (options included in the simulation tool to
allowthe calculation of intermediate floors or ground floors in multi-storey
buildings

Occupants (Hourly occupancy profile) with a metabolic rate close to 1met
(resting or low work profile) [ISO 8996] and each one of them dressed at home
with 1 clo level clothing [ISO9920]

Domestic Hot Water profile defined in Jordan U and Vajen, K, 2001.

Hourly electrical consumes defined.

External walls defined by their orientation, % windows, thermal transmittances,

wall emissivity, glass solar factor, external convection coefficients...(Table 10
and
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e Table 11)

o Summer defined from May, 15th to September, 15th

o Comfort temperatures to be satisfied:

e Summer temperature 25°C

e Winter temperature 21°C

e Humidity control during summer time limited by 50% (relative humidity)

¢ Fix ventilation rate: 0.5 air renovations by hour

Table 10: Areas and window Percentage by external wall of the simulated building

Area[m2] %Windows

North Surface 36 20
North East Surface 0 0
North West Surface 0 0

East Surface 12 20

West Surface 12 20
South-East Surface 12 20
South-West Surface 12 20

South Surface 12 20

Roofs Horizontal 100 0
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Table 11: Simulation parameters related to the external surfaces

Average U Walls (w/o windows)
Average U Windows
Average U Roofs
Average U Floor
Average Glass Solar factor (g)
Walls Emissivity factor
Roofs Emissivity factor
External convection coefficient

0,5
1
0,35
0,45
65
0,6
0,7
16

W/m2K
W/m2K

W/m2K
W/m2K
%

W/m2K
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4.2 Building loads and equations.

Maintaining the internal thermal comfort for the occupants, controlling temperatures
and humidity levels as a function of the internal activity is the aim of calculating all the
external loads occurring for a determinate time period on a defined controlled occupied
zone.

Every phenomena that modifies internal temperatures (sensible load) or the amount of
water vapour contained in the air (latent load) generates a thermal load which sum is
defined as total load.

As a definition, a thermal load is the powerand water vapour, communicated to the
ambient air of a determinate zone. Cooling loads are heating power that should be
removed from the space to maintain a desired internal air temperature, while the
heating loads are opposite.

This concept differs from the energy needs or demands that are defined as energies
supplied (by a heating/cooling system) in order to raise/lower the internal temperature
to the required minimum/maximum level (the set-point for heating/cooling);[Ashrae
fundamentals ]

For the calculation of this chapter it has been followed the methodology proposed in
EN ISO 13790.

It wasconsidered,as problem simplification, an ideal energy distribution system that
delivers to the thermal zone the exact energy that maintains a required thermal level. In
reality the delivering system are not perfect, so they don’t have a 100% efficiency to
communicate the thermal energy to the zones, and the control systems are never
provided with a “perfect” forecast strategy that fit the energy delivering with the actual
and future demands.

Example 1: Heating is provided in time step1=0 to keep the temperature controlled in a
time instant, but the sun provides an added load that overheat the ambient for the
timestept=n+1. In this case the heating system delivered more energy that the needed
one.

Example 2: The sum of all thermal loads for a determinate winter hour determines that
the occupied zones need of a number of watts to keep 21°C comfort condition. This
number of watts is the building demand for the “time step i”, and the next simulation
timestep begins with 21°C of initial air temperature (the heat demand was satisfied by
the “infinite capacity” heating system installed). In “time step i+1” the process is done
again but this time the result was positive, the house doesn’t need energy to reach the
21°C. In this situation the building demands no energy and the initial temperature for
time i+2 is higher than the 21°C defined as winter comfort set point. It must be said that
the building is not allowed to work in heating and cooling mode during the same day,
so it is accepted the overheating and overcooling of the zones during those periods.
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Building loads can be related in two different groups, exploded in subgroups as
described in Table 12. All building loads, independently of the calculation method used,
were considered lineal in short time intervals as the ones used for the simulation
(hourly base steps). The sum of the loads for each time step defines the energy
demand and the thermal state of the building, determining the initial thermal
parameters for the next calculation time. The loads are constant between time steps.

As seen in the last column of Table 12, out of the division between External/Internal or
Sensible/latent loads, it is also described the need of simulating inertial effects caused
by materials energy storage. Some of the cases are named as “Possible” remarking the
feasibility of their calculation, but as the simulation time that it was considered in this
work is one hour time step and the delays introduced by those loads are shorter, it was
only calculated the delays introduced by walls energy storage. These calculations will
be done with the use of Transfer Functions introduced by Mitalas while the rest of the
loads will be solved directly with Heat Energy equations and mass balances for the
load hour of interest.

Table 12: Matrix with the thermal loads calculated for building simulation

Inertial
effects to
be
calculated

Load Sensible | Latent

Transmitted through opaque external walls:
Yes No Needed
o Based on temperature differences
e Solar Radiation Collected

External | Transmitted through semi-transparent walls Yes No No
Thermal bridges Yes No Possible
Ventilation & Infiltration Yes Yes No
Occupants Yes Yes No
Engines and Machinery Yes Yes | Possible
Internal
lllumination Yes No No

Own climate control facility (Heating and

Cooling) Yes No Possible
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The transfer function method (TFM) (Mitalas 1972) applies a series of weighting
factors, or conduction transfer function (CTF) coefficients to the various exterior opaque
surfaces Energy Transmitted through opaque external walls
For the calculation of this chapter, there were considered the loads passing through the
external walls, floors and roofs. These two last options only in case the user has ticked
them to simulate a complete building and not only an inner floor, or the basement or
the last floor of a multi-storey residential building.
The four effects calculated for this work that affects the energy flows are:
e Applied to walls and roofs:
o Solar energy collected through opaque envelope
o Thermal radiation emitted to the sky
o Energy transmitted to the ambient
e Applied to floors or buried walls:

o Energy transmitted to the ground

The hourly sum of these four values, for the determinate internal temperature obtained
in that instant of time defines the total energy passing through the envelope.
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4.2.1.1 Solar energy collected through opaque envelopes

The heat flow by solar gains that reaches a building element k, ®., xexpressed in watts
is given by Equation 9

Equation 9: Incident solar gains on a building element k [57]

‘psol,k = Fsh,ob,k 'Asol,k ’ Isol,k - Fr,k ' (pr,k
Where:

Fsh,ob,k: is the shading reduction factor for external obstacles for the solar effective collecting
area on the surface k

Asol,k: is the effective collecting area of surface k with a given orientation and tilt angle, in the
considered space [mz]

Isol,k: is the total solar irradiance, the mean energy of the solar irradiation over the time step of
the calculation , per sgm of collecting effective collecting area[\N/mZ]

Fr,k is the form factor between the building element and the sky

@r,k is the extra heat flow due to thermal radiation to the sky from building element k [W]

In order to apply the Equation 9 to a building, it must be also defined which is the
effective radiation area exposed to the sun with the following equation.

Equation 10: Effective collecting area[57]
Asol,k =a Rs U, A,
Where:
a=dimensionless absorption coefficient for solar radiation of the opaque part
Rse=is the external surface heat resistance of the opaque part [m2/kW]
Uc.=thermal transmittance of the opaque part
A= is projected area of the opaque part

The combination of both equations permits the evaluation of the hourly radiations
collected by roofs and walls. These radiations are instantaneous values whose
influence on the occupied zones must be lately calculated due to the inertial effects
introduced by storage capacities of the envelopes.
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4.2.1.2 Thermal radiation emitted to the sky

In the same way that the building receives energy from the sun along daytime; there is
a radiation of the building to the surroundings caused by the thermal level of the extern
surfaces.

Equation 11: Thermal radiation emitted to the sky [57]
@y =F *Rse"Uc " A~ hy - Al
Where:

F.=View factor between walls and the sky (1-0.5 for unshaded horizontal roofs and walls
respectively)

Rse=is the external surface heat resistance of the opaque part [m2/kW]
U.=thermal transmittance of the opaque part [W/ m2K]

A= is projected area of the opaque part [m2]

h=is the external radiative heat transfer coefficient, [W/ m2K]

AB.= is the average difference betwwen the external air temperature and the apparent sky
temperature [°C]

The external radiative heat transfer coefficient, hr, expressed in watts per square
metres per kelvin, may be approximated as given by:

Equation 12: Radiative heat transfer coefficient [57]
h, =4 € 0" (ps+273)°
Where:

€=is the emissivity for thermal radiation of the external surface
o=is the Stefan-Boltzmann constant= 5,67*10-8 W/[m2K4]

@ss=is the arithmetic average of the surface temperature and the sky temperature expressed in
Celsius

It is needed to fulfil in Equation 12, the emissivity factor to the sky and sky
temperatures that are values not directly available inside climatic data files. There are
some approximations in the bibliography , that fixes hr, to a value equal to 5 times the
emissivity W/(m2K), which corresponds to an average temperature of 10 K, and a sky
temperature correlation that fixes the temperature difference with the ambient one to 9
Kelvin in sub-polar areas, 13 Kelvin in the tropics and 11Kelvin in intermediate zones,
but when compared the results with other bibliographical references found based on
equations as Clark and Allen, 1978 , the values does not fit , so both temperature and
sky emissivity are being calculated following:
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Equation 13: Sky emissivity
Esky = 0.711 + 0.005 - T, + 0.000073 - Tdewz + 0.013 - cos(m) + 0.000012 - (Pyern — Po)

Where:

Taew=is the Dew Point temperature [K]
m=is the moment of the day (i.e: 0 hours is 0 and 23:59 corresponds to 1)
Paim=is the atmospheric pressure [bar]

Po=is the atmospheric pressure at the see level [bar]

Equation 14: Sky Temperature [K]
Tsy = Tary * (Esiy + 0.8+ (1 — €gy) * Copey)*2°

Where:

Tary=is the ambient Dry Air Temperature [K]
€sky=is the sky emisivity

Csky=Sky coverage (% of the sky covered with clouds)
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4.2.1.3 Energy transmitted to the ambient via convection and
conduction effects

For the calculation of energy flows passing through massive walls it was used a
method based on Transfer functions as it is the response factor method form Mitalas,
which delivers accurate estimations of the building loads because it considers the
transient nature of heat transmission effects. The proposed method uses the values of
energy flows through the walls when applied a triangular temperature evolution, 2
hours amplitude and unitary size, to one of the wall sides as represented in Figure 23

::> Positive Energy Fluxes
> 7
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Figure 23: Representation of temperature excitation and superficial heat flows. (Source Soto)
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This easy technique takes into account the important parameters affecting the building
energy flows. Heat gains received by a constant temperature ambient are determined
by the building physical description, climatic data and internal loads.

It is defined:

o X(j) : Heat energy flow entering the wall (time step i) through the external wall
face when a triangulartemperature excitation is externally applied. (W/m2)

e Y(j) : Heat energy flow exiting the wall (time step i) through the internal wall face
when a triangular temperature excitation is externally applied. (W/m2)

o Z(j) : Heat energy flow exiting the wall (time i) through the internal wall face
when a triangular temperature excitation is internally applied. (W/m2)

Figure 24 represent typical values for the response factors. The determination of those
coefficients can be done in an analytical form on the base of densities, heat capacities,
conductivities and layer depth for each one of the different material layers that
compose the wall.
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Figure 24: Responding Factors X,Y,Z .(Source Soto)
It can be determined the heat flow transferred to the studied wall (partly via convection
and partly via radiation) applying Equation 15 and it is graphically represented in Figure
25

Equation 15: Heat flows through a wall

o ()= 2T, (1= DY)+ YT (0= HZ())

{0101010101010100101'
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Figure 25: Sum of the triangle functions that compose real thermal excitations

As an interesting particularity of the Response Factors, that It has been used to
calculate different wall’s U, it can be affirmed that the sum of each one of the response
factors is coincident in absolute value with the stationary Global Transmission Factor of
the walls (U) as described in Equation 16

Equation 16: Relations among Global heat transfer coefficient and Response Factors

U=3Y()=-20)

Jj=0
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4.2.1.4 Energy transmitted to the ground

This kind of energy transmission is a special case of the previous 0 where there are no
quick variations of the internal temperatures, the zone is conditioned, or the external
one, because ground temperatures do not suffer appreciable changes within time
intervals around 1 hour (simulation time step) or one day (Response factor period
considered for a wall in this work), simplifying this case calculation to the described
Equation 17

Equation 17: Energy transmission through the floors to the ground [57]
Qground = Ufloor A (Tyone — Tground)
Where:

dground = rate of heat transfer [W]

Usioor = Global transmission factor of the floors[W/m?K]
A= heat transfer floor area [m?]

Tzone = internal zone temperature [°C]

Tgrouna = Ground temperature [°C]

Ground temperature was defined following the Kasuda equation that models the
vertical temperature distribution of the ground given the mean ground surface
temperature for the year, the amplitude of the ground surface temperature for the year,
the time difference between the beginning of the calendar year and the occurrence of
the minimum surface temperature, and the thermal diffusivity of the soil.

The European normative that calculates ground heat exchanges, divide them in two
terms, a stationary part exposed in Equation 17and a transitory, calculated with the use
of transference functions and response factors, to be applied on a one meter depth
wall, completely insulated on its lower part. In this way, the energy losses are
calculated by the stationary component, and both energy storage and release are
calculated by the transitory element. In the studied cases, internal building
temperatures are always around the desired set points, what suggests the nearly
inexistence of transitory effects, and permits the authors a calculation simplification by
studying only stationary effects.
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Equation 18: Yearly ground temperature distribution
m % 27 depth (365\°°
depth —depth-(——
T = Tmean = Tamp - ¢~ 0) - cos 22 [tnow ~tage =5 ()
Where:

depth
YQround

= Ground temperature for a determinate depth and hour of the year. [°C]

Tmean = Mean surface temperature (avg. air temperature can be an accepted approximation) [°C]
Tamp = Amplitude of surface temperature (max. air temperature minus mean air temperature) [°C]
Depth = Depth below the surface [m]

a= Thermal diffusivity of the ground (soil) [m2/day]

thow = Current day of the year [day]

tsnit = Day of the year corresponding to the minimum surface temperature [day]

4.2.1.5 Study of the Energy Transmitted through opaque external walls
around Europe

For the determined house characteristics, developed in Table 10 andTable 11, it was
evaluated the importance of the external weather conditions.

The structure of the following nine matrices (Table 13to Table 21) is common to
facilitate the understanding of the presented data.

First of all the sum of all the energy transmission through the external envelope
presents an order of magnitude about the total energy passing through that walls.
Table 13, Table 16 and Table 19 represents the sum of those energies for different
studied periods, complete year, winter season and summer season.

Table 17 and Table 20 represent the amount of energy gain from the sun via external
walls and roofs. (It can be seen that it is always a positive number with absolute
number) and at last Table 15, Table 18 and Table 21 representing the energy loses to
the sky.

When evaluating those tables, it can be noticed:
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Yearly evaluation:Energy losses due to temperature difference lead the transference
processes along the year

In every studied case, solar collected radiation through opaque external surfaces has
similar magnitude as the energy lost to the sky, being this last concept always a little bit
higher. This also means that to achieve the values presented inTable 13, energy lost
by temperature difference is much higher than the energy collected directly through
transparent elements (20% of the external wall surface in case of inexistence
ofexternal shadows on the fagade)

Table 13: Yearly energy losses through the Envelope]l Wh/m2]

Summer Climatic Severities's
Envelope
Cla Cla Clas Class Class
osiiducr Exe. Heat = = : * Exec. Cold
A B C D E

Exc.
- Heat
I[—'.j Class 1 | -4048 10 | 469178 | 3435, 74 | -6783,89 | 621392 | 637931 | -7074,86
;t: Class 2 | -3790.44 | 6137 42 | -6845.40 | -7609 15 | -8486,33 | -9236,08 | -9922 67
E-| Class 3 -8054,31 | -829177 | -9207 23 |-10144.87 |-1061151
5- Class 4 -890%9,03 | 934456 | -9646,16 |-10674,19
E Class 5 -10001 58 | -11304 34 |-11668 87 | -10994 19
B
= Exe. R

Cold 1342828

Table 14: Yearly energy solar gains through opaque external wa//s[Wh/m2]

Summer Climatic Severities's

Yearly Solar
Delayed gains Class Class Class Class Class
Exc. Heat Exc. Cold
A E C D E
= Exc.
2 Heat
E Class 1| 343686 | 333395 | 321712 | 298036 | 266502 | 301812 | 257615
& |class 2 [ 293869 | 316391 [ 295,24 | 282,29 ; 260354 | 247416
L]
+ Class 3 — 304090 | 287816 | 2367 45 | 204716 | 233856
E Class 4 2733,28 | 248263 | 232429 | 222514
i Class 3 303027 | 237410 | 215831 | 225106
= Exc.
2007,09
= Cold o

Table 15: Yearly energy losses to the sky through the opaque external walls [ Wh/m2]

Summer Climatic Severities's
Energy Lost

to the Sky Class Class Class Class Class
Exc. Heat Exc. Cold
A B C D E

Exc.
Heat

Class 1]-4010,53 §-5213,39 | -5286,69 | -4771,97 | -3198,19 | -5248,43 | -4340,73

Class 2 | -5243,46 | -4976,47 | -4891,79 | -4563,41 | -5201,08 | -5637,31 | -5785,46

Winter Climatic Severities's

Class 3] — — N-5051,85 | -5180.33 | -4708,78 | -5014,50 | -5358,56

Class 4] | -510921 | -4909,54 | -4459,35 | -4775,80

Classs|  — — | -585033 | 554591 | -5525,85 | -4940.53
Exc. -5275,38
Cold
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Winter evaluation:As it happened in the yearly evaluation, energy losses based in
temperature difference processes are leading the transferences to the environment.

In every studied case the radiation collected is smaller than the energy losses via
radiation to the sky. The difference between them is not anymore small, as it happened
in the yearly evaluation. In warmer places the absolute value of the “losses to the sky”
are twice the sun collected energy.

Table 16: Winter energy losses through the envelope[ Wh/m2]

Summer Climatic Severities's
Envelope

Winter Class Class Class Class Class
Exc. Heat Exc. Cold
A B C D E

Exc.
Heat

Class 1 |-4290,53 | -4438,13 | -4806,59 | -5804,82 | -5366,75 | -4992,75 | -5383,68
Class 2 | -6004,08 | -5822,39 | -6129,14 | -6548,02 | -6797,23 | -7278,04 | -7744,52

Winter Climatic Severities's

Class 3| — N-714057|-7226,07 | -7444,01 | -7777,07 | -8472,69
Class 4] — — |-7779.62 | -7908,23 | -7896,75 | -8560,46
Class 5| o |-8492,49 | -9314,50 | -9312,78 | -8873,82
Exc. -10793,05
Cold

Table 17: Winter sum of the solar gains through opaque external walls[ Wh/m2]

Summer Climatic Severities's
Solar Delayed

Winter Class Class Class Class Class
Exc. Heat Exc. Cold
A B C D E

Exc.
Heat

Class 1 | 1866,65 | 1821,64 | 1742,24 | 1564,23 | 1436,49 | 1596,23 | 1366,67
Class 2 | 1854,66 | 1664,94 | 1512,37 | 1453,64 | 1336,72 | 1328,10 | 125715

Winter Climatic Severities's

Class 3| — | 156244 | 148115 | 120964 | 100681 | 116126

Class 4] — | 143297 | 127551 | 115986 | 1111,96

Class 5| — | 149700 | 123369 | 1060,22 | 1151,64
Exc. 914,54
Cold

Table 18: Winter sum of the energy losses to the sky by the opaque external
walls[Wh/m?]

Summer Climatic Severities's
Lost to the Sky

Winter Class Class Class Class Class
Exc. Heat Exc. Cold
A B C D E

Exc.
Heat

Class 1] -3342,21 | -3864,29 | -3800,63 | -3285,15 | -2205,72 | -3456,28 | -2793,08
Class 2 | -4639,72 | -3864,10 | -3631,54 | -3370,12 | -3731,04 | -4094,04 | -4173,83

Winter Climatic Severities's

Class 3| — — | -3641,12 | -3701,46 | -3501,46 | -3682.77 | -3909,16
Class 4| — | -3834.48 | -3633,95 | -3383,80 | -3511,87
Class 5| — — -4157.98 | -410836 | -4091,12 | -3621,50
Exc. 401456
Cold
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Summer evaluation:Summer time differs with the previous two cases. There are two
climatic zones with positive gains through the envelope.(Exc.Heat1 and Exc. Heat2).
The collected energy during daytime compensates in every case the night cooling
radiated to the sky. For most of the classified clima groups, total energy losses by
transmission maintains the prevalence on the energy transportation.

Table 19: Summer energy losses through the enve/ope[Wh/m2 ]

Summer Climatic Severities's

Envelope
Summer Exc. Class Class Class Class Class
Exc. Cold
Heat A B C D E
Exc. . . . . . N .
Heat

Class 1 | 242,43 | -253,65 | -649,16 | -979,07 | -847,18 |-1586,55 |-1691,18
Class 2 | 213,64 | -335,03 ) -716,26 |-1061,13 |-1689,10 |-1978,03 |-2178,15

Winter Climatic Severities's

Class 3| — — | -913,73 |-1065.69 |-1763.22 |-2367,80 | -2138,82
Class 4] — e |-1129.41 |-163634 |-1749,41 | -2113,73
Class 5| — — |-1509,09 |-2189,84 |-2356,09 | -2120,37
Bxc. e |-263523
Cold

Table 20: Summer sum of the solar gains through opaque external Wa//s[Wh/m2]

Summer Climatic Severities's
Solar Delayed

Summer Exc. Class Class Class Class Class
Heat A B C D E

Exc. Cold

Exc.
Heat

Class 1 §1570,21 | 1512,31 | 1474,87 | 1416,12 | 1231,53 | 1421,89 | 1209,48
Class 2 §1604,03 | 1498,96 | 1382,86 | 1370,65 | 1239,99 | 1275,45 | 1217,01

Winter Climatic Severities's

Class 3| — — 147846 | 139701 | 1157,82 | 104035 | 1177,30

Class 4| - N 132231 | 120712 | 116443 | 1113,18

Class 5| - N 153327 | 114041 | 109829 | 112942
Bxc. — | 109255
Cold

Table 21: Summer sum of the energy losses to the sky by the opaque external walls[ Wh/m2]

Summer Climatic Severities's
Lost to the Sky

Summer Exc. Class Class Class Class Class
Heat A B C D E

Exc. Cold

Exc.
Heat

Class 1§-668,32 |-1349,10 | -1486,07 | -1486,81 | -992,47 |-1792,15 | -1547,65
Class 2 | -603,74 |-1112,37 | -1260,24 | -1193,30 | -1470,05 | -1543,26 | -1611,63

Winter Climatic Severities's

Class 3] — | -1410,73 | -1478,88 | -1207,32 | -1331,74 | -1449,41
Class 4| — — |-1274,74-1275,59 | -1075,55 | -1263,93
Class 5| — 1-1692,35 | -1437,55 | -1434,73 | -1319,03
Be. | -126081
Cold
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4.2.2 Energy transmitted through glazed elements.

The effective solar collecting area of a glazed envelope element (e.g. a window), asol,
expressed in square metres, is given by Equation 19

Equation 19: Effective solar collecting area of glazed e/ements[m2] [67]

Aso1 = Fsh,gl *Gg1 * 1- FF) * Aw,p

Where:
Fohg Shading reduction factor for movable shading positions
2ol Total solar energy transmittance of the transparent part of the element
FIF Frame area fraction, ratio projected frame area vs. overall projected area of the glazed
element

Aw,p Overall projected area of the glazed element [mz]

In this work, in order to have a general evaluation method for a determinate building, it
has not being considered a shading reduction factor that mostly is associated to the
personal use of them or the control implemented as a function on the existence
radiation for the determinate Latitude/longitude. Also it has not been considered the
radiation reduction due to the shadows created by other neighbour buildings/volumes.

In the following Table 22, Table 23 and Table 24 it is described the energy amounts
passing through the glazed elements to the occupied zones. This input is considered a
positive load delivered to the building without any delay effect due to the irradiative
nature of the sun rays.
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Table 22: Total solar energy transmitted through glazed elements[ Wh/m’]

Summer Climatic Severities's

Solar
Total load Class Class Class Class Class
Exc. Heat Exc. Cold
A B C D E
Exc. . . . . . . -
Heat

Class 1| 7886,74 § 7720,77 | 7612,17 | 715523 | 660492 | 7277,04 | 644926
Class 2 | 7997,00 § 7430,27 | 697725 | 6899,27 | 6336,20 | 633884 | 6062,88

Winter Climatic Severities's

Class 3 - - 7295,28 | 7020,61 5960,40 5219,66 5762,79
Class 4 - - - 6792,21 6271,76 | 5907,76 | 558918
Class 5 7267,10 | 6124,31 | 561241 | 5838,84
Exc.
5484,28
Cold

Table 23: Winter solar energy transmitted through glazed elements] Wh/m2]

Summer Climatic Severities's

SunTotload
Winter Class Class Class Class Class
Exc. Heat Exc. Cold
A B C D E
Exc. N . . . . . .
Heat

Class 1 | 4678,68 | 4587,06 | 4474,24 | 4079,72 | 3777,19 | 4162,01 | 3638,89
Class 2 | 4706,06 | 4258,60 | 3935,26 | 3835,16 | 3520,06 | 3462,09 | 3286,68

Winter Climatic Severities's

Class 3| — 407786 | 3897.28 | 3252.97 | 272278 | 304905

Class 4] — | 380724 | 345050 | 315323 | 298025

Class 5| - — | 3958.06 | 340139 [ 294122 | 3143.84
Bo — | 268670
Cold

Table 24: Summer solar energy transmitted through glazed elements[Wh/m’]

Summer Climatic Severities's
SunTotlLoad

Summer Exc. Class Class Class Class Class
Heat A B C D E

Exc. Cold

Exc.
Heat

Class 1 §3208,07 | 3133,71 | 3137,94 | 3075,51 | 2827,73 | 3115,03 | 2810,37
Class 2 |3290,94 | 3171,67 | 3041,99 | 3064,10 | 2816,14 | 2876,75 | 2776,20

Winter Climatic Severities's

Class 3| -— — N 320742 | 312333 | 2707,43 | 249687 | 2713,74

Class 4| — | 298497 | 282125 | 2754,54 | 2608,93

Class 5| -— — 1330903 | 272292 | 2671,20 | 2695,00
B — | 279759
Cold

Page 68 of 223



Building definition

4.2.3 Ventilation and infiltration heat transfer

Air flows introduced into the occupied zones caused by voluntary (ventilation) or
involuntary causes (infiltration) leads to an increased amount of energy needed to
adequate the incoming air to the pre-set comfort parameters. In winter case, those
effects mostly increase the heating demands because the air returned to the
environment was previously heated to reach the demanded 21°C (Bt setn)-

It is supposed that the ambient temperatures during the winter season stays most of
the time under 21°C while during summer, the temperature asymmetries between day
and night causes overheating during the sunny hours and cooling during the rest of the
day. 26°C is the settled temperature for summer(6in setc)-

In order to simplify the problem, it was not included in the calculation air ventilation
proceeding from air exchangers or Air Handling Units (AHU’s) that would introduce in
the formulas further exchange efficiency parameters. This simplification is easily
justifiable on the practically inexistence of treated air systems in the domestic market
out of the Passive building topology, that is not the studied case.

Infiltration gains depend on the tightness of the installed windows and it was
considered constant along the study independently of the location.

Equation 20: Ventilation formula for heating periods[57]

Qven,H = Hve,adj * (gint,set,H - 90)

Equation 21: Ventilation formula for cooling periods [57]

Qven,C = Hve,adj * (eint,set,c - 90)

Where:

Hve,adj is the overall heat transfer coefficient by Ventilation [W/K]
Oint set,c Internal temperature set point programed for the cooling season. [°C]

Oint set,n Internal temperature set point programed for the heating season. [°C]
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The ventilation heat transfer coefficient is calculated as follows [57]:

Equation 22: Overall heat transfer coefficient by Ventilation

Hve,adj = Pqg *Cq * Zkbve,k * Qyek

Where:

Pa * Cq4 is the heat capacity of the air per volume, expressed in joules per cubic meters
per kelvin =1200 [J/m3K]

Qe kis the time average airflow rate of air flow element k, [m?/s]

bye kis the temperature adjustment factor for air flow element k, with value not 1 if the

temperature supply is not equal to the external environment one, such in the case
of pre-heating and pre-cooling or heat recovery

Table 25 represents the different ventilation and infiltration loads along the year for the
building case of study when placed in the different climatic zones. As can be seen the
load increases, as expected when the summer severity decreases and the winter
severity increases being more representative winter severity increases that a decrease
for the summer one.

Table 26, representing the ventilation loads along the winter period follows the same
structure as the yearly ones, being representative in Table 27, summer ventilation
loads, that only for the two severe summer climatic classes, the load entering as
ventilation load increases the internal temperatures while in all other cases, although in
summer, ventilation loads are negatives (Energy loses to the ambient with internal
summer set point temperature of 26°C)

Table 25: Ventilation gains along the year[ Wh/m2]

Summer Climatic Severities's
Ventilation

Gains Class Class Class Class Class
Exc. Heat Exc. Cold
A B C D E

Ezc.
Heat
Clas= 1 -13’48,?2 -2 15| -2489,03 | -2805,39 | -283648 | -300096 | -3226.29
Class 2 | -2643 15 | -2810.76 | -29935.30 | -3377.96 | -3604.48 | -3690.15 | -3794.82

Winter Climatic Sev erities’s

Class3| - —  |-3676.86 | 378,36 | -a132.21 | 937226 | -4121.18
Class4] — — | -0s6.70 | 435582 | 490251 | 953360
Class5| — — N ases70 | 524908 | 323023 | 501740

E 612746

Cold
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Table 26: Ventilation gains during the winter season[ Wh/m’]

L Summer Climatic Severities's
Ventilations
Winter Class Class Class Class Class
Exc. Heat Exc. Cold
A B C D E
@ Exc.
2 Heat
.E Class 1 §-1959,35 | -2025,71 | -2193,51 | -2401,19 | -2450,82 | -2278,84 | -2455,93
>
& Class 2 | -2742,55 | -2657,25 | -2683,91 | -2907,96 | -2879,08 | -2888,50 | -2962,64
2]
'ﬁ Class 3 --- - -3259,04 | -3298,14 | -3339,40 | -3345,10 | -3289,92
é Class 4 - - - -3550,06 | -3608,38 | -3603,26 | -3637,46
5 Class 5 - - - -3875,56 | -4250,04 | -4175,16 | -4049,50
=
S Exc. -4925,00
Cold

Table 27: Ventilation gains during the summer season[ Wh/m?]

L Summer Climatic Severities's
Ventilations
Summer Exc. Class Class Class Class Class
Exc. Cold
Heat A B C D E
- Exc. . . . . . . .
E Heat
E Class 1 | 110,62 | -115,44 | -295,52 | -404,20 | -385,66 | -722,12 | -770,37
>
A Class 2| 9740 | -153,52 | -311,58 | 470,00 | -725,40 | -801,65 | -832,17
2]
'§ Class 3 - - 417,82 | -487,22 | -792,81 |-1027,17 | -831,26
g Class 4 - - -516,64 | -747,44 | -799,27 | -896,14
5 Class 5 - - - -690,15 | -999,05 |-1055,06 ) -967,90
= (o [ — | -1202.46
Cold

4.2.4 Internal heat gains

The internal gains to be considered for the calculation of building thermal demands are
the following ones, all of them expressed in Wh:

c a0 o

int, HVAC,

The internal heat flow rate from lighting, ¢int,L
The internal heat flow rate from appliances, ¢int,A,
The internal heat flow rate from occupants, ¢int,Oc.
The internal heat flow rate from hot and mains water and sewage, ¢int, WA,
The internal heat flow rate from heating, cooling,ventilation systems, ¢

f. The internal heat flow rate from processes and goods, ¢int,Proc

For the study developed in this work, the gains produced inside the building, directly
dependent on its occupancy and the way the users behave in their homes, were
considered identical for every case and it was only divided into two different categories,
one related to the occupant heat production and a second one related to all the
appliances and lighting simulated into the building. (Labeled before with a, b and c.
Labels d, e and f have not been scheduled nor calculated under the consideration of
enough representativeness of the problem with the three related ones.)
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The internal load profile was defined in an hourly base for a day that will be repeated
the 365 days of the year. This profile fits a normal working day and not weekends or
holiday periods, but it was defined identical for all the cases, allowing comparison of
the results without increasing the programming difficulties.

e The number of people considered in the building is 4 with a determinate hourly
profile defined in the first columns of Table 28 as percentages of 4 people with a
sedentary movement that corresponds to a sensible heat production of 50 W
and a latent one of 25W.

e The heat sources calculated in our conditioned space cover lighting and
appliances following the profile defined in the second columns of Table 28

Table 28: Diary internal load profiles

% People Elect (W) % People Elect (W)
0-1am 100 0 12-13pm 0 0
1-2 am 100 0 13-14pm 100 2000
2-3am 100 0 14-15pm 100 2000
3-4am 100 0 15-16pm 0 0
4-5am 100 0 16-17pm 0 0
5-6am 100 0 17-18pm 0 0
6-7am 100 0 18-19pm 50 1000
7-8am 50 2000 |19-20pm 100 1000
8-9am 50 1000 [20-21pm 100 1000
9-10am 0 0 21-22pm 100 500
10-11am 0 0 22-23pm 100 500
11-12am 0 0 23-24pm 100 0
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4.2.5 Domestic Hot Water demand

Hot water demands inside the residential zones has been calculated in base to
specifically formulated profiles, widely use inside the solar thermal community following
the Jordan 2001 works.

With the help of the application provided by the profile authors, it has been defined an

hourly domestic hot water profile demand for the number of occupants described in 4.1.
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Figure 26: DHW demand profiles (Source: Jordan, 2001)
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4.3 Evaluation of the heat demands for a predefined
building

The total heat demand for the studied building was calculated as that sum of all
demands acting over the zone in the hourly base time interval used in this work.

For this study it has been considered, as it was previously explained:

e Total solar radiation entering through the roofs(0)

e Total solar radiation entering through the opaque vertical elements (0)

e Energy radiation to the sky(4.2.1.2)

Energy transmission through vertical walls based on temperature
differences(4.2.1.3)

Energy transmission through floors to the ground (4.2.1.4)

Total solar radiation entering through the transparent vertical elements(4.2.2)
Latent internal loads in summer time (4.2.3)

Total gains associated to ventilation and infiltration(4.2.3)

Sensible internal loads (4.2.4)

1500,00

=

1000,00

500,00

MEERER
NARAS AN

-1000,00 —
i i

-1500,00

W Heating Demand ELosses through the envelope (deltaT) Losses to the Sky
@Ventilation gains [latent internal loads i Solar gains through opaque walls

DOSensible internal loads ® Solar gains through windows @ Cooling demand

Figure 27: Energy monthly distribution calculated for the studied house in Valladolid (SP)[kWh]

As an example, Figure 27 presents the heating and cooling demands, divided in each
one of the calculated loads for the city of Valladolid (SP). In this case, heating demands
are mainly related to the losses through the envelope with conduction and convection
effects, while the cooling demand relates to the solar gains collected through the
building windows. For each month the sum of the loads are done on the left of the
interval for heating (-) and on the right for cooling (+).
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4.3.1 Yearly evolution of demands for all studied climatic conditions

The previously defined building has been virtually moved around Europe, obtaining the
heating and cooling demands represented under these lines in Table 27 and Table 28.
Latent demand was not evaluated during the heating system because it is no usual to
find dehumidification facilities inside residential buildings for winter use)

As expected, heating demands increment as we move into the matrixes to the bottom
right and cooling demands keep a contrary behaviour. (It should be realized that the
climatic zones were created in base to the zone climatic severities.). The logical
progression of the demands inside the matrix is not “continuous” in some positions,
what can be explained from the methodology applied. Values presented are
arithmetical averages of the obtained ones for each of the cities contained in the
categories.

Table 29: Averaged cooling demand for the simulated building in all the defined climatic zones

[Wh/m?]

Summer Climatic Severities's

Summer

Demand Class Class Class Class Class
Exc. Heat Exc. Cold
A B C D E

Exc.
Heat

Class 1 §7828,08 | 5508,43 | 4415,19 | 3486,02 | 3694,74 | 2253,39 | 1516,80
Class 217092,17 15262,62 §4076,71 | 3502,19 | 1680,44 | 1221,00 | 774,18

Winter Climatic Severities's

Class 3 -—- - 3867,36 | 3220,29 | 1728,43 | 211,51 939,77
Class 4 -—- - - 3149,89 | 2142,42 | 1958,77 | 949,90
Class 5 -—- - - 2614,64 | 1266,09 | 634,77 | 1009,36
Exc.
-— -— -— -— -— -— 547,48
Cold ’

Table 30: Averaged heating demand for the simulated building in all the defined climatic zones

[Wh/m’]
) Summer Climatic Severities's
Winter
Demand Class Class Class Class Class
Exc. Heat Exc. Cold
A B C D E
Exc.

Heat
Class 1| -766,80 | -846,95 |-1013,17 | -1832,62 | -1187,26 -864,68 -1264,50

Class 2 | -3432,84 | -2692,13 | -3017,71 | -3406,26 | -4174,97 | -4986,34 | -5909,33

Winter Climatic Severities's

Class 3| — — 1-440033 | -4673,05 | -5584,44 | -6648.65 | -7058,82

Class 4] — N -578887 | -6311,17 | -6337,10 | -7241,78

Clss 5| — — | -680850 | -9210,28 | -9430,59 | -7953,35
Exc. e |-11989.83
Cold
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4.3.2 Monthly evolution of the building demands

Figure 28 represents heating and cooling demands for the studied building along the
year in all the Summer Climatic Severities discussed in Chapter 3: Climatic Distribution.
Previous

Table 29 and Table 30 represent the integral demand of the buildings but it doesn'’t
show the distributions in short periods as could be the monthly base (Figure 27). The
49 climatic categories in which was divided the European climates didn’t allow to
clearly recognizing the evolution of the demands what pushed the author to use 7
summer supra classes to plot the amount of heating/cooling needed by the building
under the previously defined conditions.

2000

ExcHeat
Class A

1500

Class D
Class E
ExcCold

1000

2000

Figure 28: Interpolated monthly distribution of building demands along the year, classified by
Summer Climatic Severity classes. (Cooling (+), Heating (-)) [Wh/m2]

Massive colours represent the heating and cooling demands in which each of the
components of a determinate Summer Climatic class is contained. (Climatic classes
with lower absolute demand values are always placed forward).
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R Summer Climatic Severitiez's R Summer Climatic Severities's R Summer Climatic Severities's
Cooling Demand Cooling Demand Cooling Demand
January Exc. Heat Class Class Class Class Class Exc. Cold February Exc Class Class Class Class Class Exc. Cold March Exc Clasz | Class | Class Clas= Clas= Exe
ey, B C D I . Heat | a4 B c D E [0 Heat | A B c D E | coud
. . . . . . . Exc. - . . . . . . Exc. - . - - - - .
B=E B=E
0 0 0 0 0 0 0 Class 1 0 0 0 0 0 0 0 Class 1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 = Class2| 0 0 0 0 0 0 0 = Class2| 0 0 0 0 0 0 0
B B
0 0 0 0 0 =] Class 3| — — 0 0 0 0 0 B Class 3| — 0 0 0 0 0
5 Class4| — 0 0 0 0 5 Class 4| — — — 0 0 0 0 5 Class 4| — 0 0 0 0
= Class3| — 0 0 0 0 = Class 3| — ] ] ] ] = Class 3| — ] ] ] ]
Exc. Exc. Exc.
Cold L Cold L Cold ~ " ~ L
R Summer Climatic Severitiss's R Summer Climatic Severitiss's R Summer Climatic Severitiss's
Heating demand Heating demand Heating demand
January Exc. Heat Clazs Clazs Clazs Clazs Clazs Exc. Cold| February Exc. Clazs Clazs Clazs Clazs Clazs Exc. Cold| March Exc. Clazs | Class | Class Class Class Exc.
XC. [1eal KC. Lol KC. Lol
A B C D E Heat A B C D E Heat A B C D E Cold
. . . . . . . Exc. - - . . . . . Exc. - - - - - - .
| Eeat | Eeat
-423 -434 498 -691 -434 -434 -390 Class 1] -273 -243 -331 -342 -332 272 -300 Class 1| -T1 9% -126 | -303 -351 -138 -233
-1309 | -1053 | -1096 | -1195 | -1186 | -1372 | -1406 Class 2| -874 -636 -140 -803 -339 982 -1139 —é Class 2| -310 -342 404 | 403 -606 -647 -828
&
@
-1429 | -1515 | -1491 | -1551 | -1732 Class 3| — -1053 | -1060 | -1130 | -1268 | -1338 B Class 3| — 487 -363 -688 -334 -390
-1772 | -1744 | -1781 | -1773 E Class 4| — -1289 | -1316 | -1283 | -1414 E Class 4| — -124 -760 -136 923
g : 2 2 E 3 z
-2006 | -2043 | -2074 | -1984 Class 3| — -1510 | -1648 | -1717 | -1347 Class 3| — -830 | -1201 | -1263 | -1033
Exc. Exc. Exc.
Cold mEE Cold = Cold FL)

Figure 29: Monthly evolution of the heating and cooling demand Wh/m® (January to March)
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Cooling Demand

Summer Climatic Severities's

Cooling Demand

Summer Climatic Severities's

Cooling Demand

Summer Climatic Severities's

April Exc. Class | Class | Class | Class | Class Exc. May Exc. Clasz | Class | Class | Class | Class | E=c. June Exc. Heat Class Class Class Class Class Exc.
Hat | 4 | B | ¢ p | £ |cos Bat | 4 | B | c | p | E |cous R 4 B * D E | cold
Exe. . . - . . . - Exe. . . - . . . . Exc. . . . . . - .
BEE | BEE
Class1] 0 0 0 0 0 0 ] Class 1| 687 169 53 0 0 0 0 Class 1| 1472 1003 768 444 238 127 0
= Class2| 0 0 0 0 0 0 0 B Cass2| 177 | 14 | o 0 0 0 0 b= Cass2| 1532 | 1103 | 732 | 518 39 43 26
B [ B
wa o o
8 Class 3] — -— 0 0 0 0 0 Class 3] — -— 32 0 0 0 0 Class 3 -— -— 633 439 240 0 28
E Class 4] — - 0 0 0 0 ¥ Class 4| — — 0 0 0 0 E Class4] — - 601 360 334 10
= = =
Class 5| — - 0 0 0 ] Class 5| — - 0 0 0 0 Class 5| — — 357 255 hix] 32
Exc. Exc. Exc.
cotd | T = = Y cod | = = Y Cod | = = = !
E Summer Climatic Severities's = Summer Climatic Severities's . Summer Climatic Severitiez's
Heating demand Heating demand Heating demand
April Exc Clazs | Class | Class | Class | Class Exc. May Exc. Class | Class | Class | Class | Clasz | Exc. June Exe. Heat Class Clazs Clazs Clazs Clazs Exc.
Hat | 4 | B C D E | col Bat | 4 | B | C D E | cold TR A B C D E | co
Exc. ey g " - et et gy Exc. - - - - s - - Exc. - - e g - s g
e BEN B0
Class1] © 0 0 20 0 0 -1 Class 1 0 0 0 0 0 0 -1 Class 1 0 0 0 0 0 0 0
b= Class2| © s | a9 | 19 | 119 | 184 | 32 = Class2| o 0 0 <l a3 | a7 | 5 = Css2| 0 0 0 0 0 0 0
5 5 5
wa w1 wa
-8 Class 3] — — -26 -38 -168 375 -238 Class 3] — — 0 0 -30 =T 55 Class 3 — — 0 0 0 0 0
E Class 4| — - 45 -148 | 141 -283 5 Class 4] — - 0 -37 -13 -39 5 Class 4] — — 0 0 0 0
= Class 3| — - -102 | 486 | 551 271 & Class 5| — - 9 -171 124 | 34 F Class 5| — - 0 -38 -12 0
Exc. S Exc. Ezc.
Cold | ~ ~ 74 Cold ~ ~ 5 Cold ~ ~ ~ 0

Figure 30 Monthly evolution of the heating and cooling demand Wh/m® (April to June)
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R Summer Climatic Severities's R Summer Climatic Severities's R Summer Climatic Severities's
Cooling Demand Cooling Demand Cooling Demand
July Exc. Class Class Class Class Class Exc. August Exc. Class Class Class Class Class Exc. September Exc. Class | Class Class Class Class Exc.
Heat A B C D E Cold Heat A B C D E Cold Heat A B C D E Cold
Exc . - . - - - - Exe . - . - - - - Exe . - . - - ~ -
Class 1 [R1E0F 1519 1288 1159 1175 223 300 Class 1| 1744 1427 1230 1083 1156 649 350 Class 1] 1348 063 799 640 703 502 354
5 =
i
]
Class 2] 2042 1630 1374 1254 136 4935 202 Class 2| 1743 1462 1226 1108 608 304 320 E Class 2] 1284 798 610 346 243 178 121
s
w1
Class 3] — — 1301 1169 673 61 380 Class 3] — - 1229 1131 398 121 417 B Class 3 - - 395 417 217 30 103
Class 4] — — — 1153 324 176 418 Z—‘ Class 4] — - — 1012 700 630 429 Z—‘ Class 4 - - — 373 238 218 93
. . = . . = .
Class 5] — — — 1083 461 253 493 Class 5] — - — 334 412 257 403 Class 5] — — — 340 108 40 32
Exc Exc. Exc
— - — - — — 392 — - — - — — 151 — - — — — - 4
Cold Cold ° Cold
R Summer Climatic Severities's R Summer Climatic Severities's R Summer Climatic Severities's
Heating demand Heating demand Heating demand
July Exc. Class Class Class Class Class Ezxc. August Exc. Class Class Class Class Class Ezxc. September Exc. Class | Class Class Class Class Ezxc.
Heat A B C D E Cold Heat A B C D E Cold Heat A B C D E Cold
Exc. . - . - - - - Exe. . - . - - - - Exc. . - - - - . -
Class 1 0 0 0 0 0 0 0 Class 1 0 0 0 0 0 0 0 Class 1 0 0 0 0 0 0 0
=
2
Class 2 0 0 0 0 0 0 ] Class 2 0 0 0 0 0 0 ] z Class 2 0 0 1] 0 ] 0 ]
Class 3 — - 0 0 0 0 0 Class 3 — - 0 0 0 0 0 8 Class 3 — - 1] 0 ] 0 ]
Class 4 - - — 0 0 0 0 Class 4 - - — 0 0 0 0 Z—‘ Class 4 - - — 0 0 0 0
. . = .
Class 3 - - — 0 0 0 0 Class 3 - - — 0 0 0 0 Class 3 - - - 0 -69 31 ]
Exe Exe. Exe
Cold B ~ ___ ~ " ___ L Cold B ~ ___ ~ " ___ L Cold B ~ " ___ ___ ~ 2

Figure 31 Monthly evolution of the heating and cooling demand Wh/m® (July to September)
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Cocling Demand

Summer Climatic Severities's

Cocling Demand

Summer Climatic Severities's

Cooling Demand

Summer Climatic Severities's

October Exc. | Class | Class | Class | Class | Class Exc. November Exc. | Class | Class | Class Class Class Exc. Cold December Exc. Class Class Class Class Class Exc. Cold
Hat | 4 | 8 c D E | co Hat| 4 | B | ¢ D i Heat | 4 B c D I
Exc. ~ - . - - ~ - Ezc. - ~ - - - - - Exc - - - . - ~ -
=R B=E BEER
Class 1| 648 417 274 157 423 152 113 Class 1| 32 10 1 0 0 0 0 Class 1 0 0 0 0 0 0 0
% Class 2| 313 167 114 16 34 0 15 Class2| 0 0 0 0 0 0 0 Class 2 0 0 0 ] 0 0 0
s
wa
£ Class 3| — i3 14 0 0 0 Class 3] — — 0 0 0 0 0 Class 3| — 0 ] 0 0 0
5 Class 4| — = 9 0 0 0 5 Class 4] — EN = 0 0 0 1] 5 Class 4| — 0 0 0 0
= = =
Class 5| — — 1 0 ] 0 Class 3] — — — ] 0 0 0 Class 3| — 0 0 0 0
Exc. Exc. Exc.
Cold ~ B ~ L Cold | — B ~ " ) Cold B L
. Summer Climatic Severities's . Summer Climatic Severities's . Summer Climatic Severities's
Heating demand Heating demand Heating demand
October Exc. Class | Class | Class | Class | Class Exc. November Exc. Clasz | Class | Class Clazs Class Exc. Cold December Exc. Class Class Class Class Class Exc. Cold
Hat | 4 | 8 c D E | cos Hat| 4 | B | C D I Heat | 4 B c D E [0
Exc. - - ~ - - ~ - Exe. - ~ . - - - - Exc - - - - - ~ -
BEE | BEE
Class 1| 0 0 0 0 0 0 0 Class 1| 0 0 0 0 0 0 0 Class 1 0 49 -38 274 0 20 -138
g Class2| 0 0 0 0 5 0 3 Class2| 0 o | 29| 53 | 391 | s03 | 803 5 Class2| 940 | 604 | 7130 | 930 | 005 | -1281 | -1334
B B
=] Class 3| — 0 0 -37 -27 -2 Class 3] — — 9% -1138 -613 -1015 | -1053 £ Class 3| — -1296 | -1380 | -1406 | -1457 | -1661
E Class 4| — — 0 -110 0 -35 = Class 4] — — -389 -636 -163 -1081 E Class 4| — -1571 | -1560 | -1617 | -1672
S : E 3 z 2 E ;
Class 5| — — 0 -460 -328 -48 Class 3] — — -362 | -1167 | -1383 | -1195 Class 3| — -1740 ) -1926 | -1946 | -18342
Ezc. S Ezc. Exc.
Cold ~ B ~ P Cold | B ~ " s Cold B AP

Figure 32: Monthly evolution of the heating and cooling demand Wh/m? (October to December
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4.3.3 Evaluation of the Summer Latent demand

Latent demand inside the building proceeding from the load specified in Table 12 has
been calculated for the complete year but it is only effectively used along the summer
season under boundaries explained in 4.1. (Cooling production during the summer
season allows dehumidification processes that usually doesn’'t occur in residential
buildings without air treatment units during heating periods)

Table 31: Yearly latent demand for all the studied climates [Wh/m2]

Summer Climatic Severities's
Latent
Demand Class Class Class Class Class
Exc. Heat Exc. Cold
A B C D E

- Exc.
i Heat
E Class 1 | Ji0832 | 383072 | 4705,06 | 363807 | 495025 | 179433 | 1708.86
L
& Class 2 | 379747 | 299504 | 366129 | 267116 | 167779 23568 FIr 72
)
b Class 3 — — 2360,19 | 282432 | 149473 11336 74333
; Class 4 = e = 239986 | 142933 | 129657 49590
b
3': Class 3 — i3 — 1417 88 926,81 34184 37368
= Exc.

— _— = _— — — 215,20
= Cold .

Table 31 and Table 32relate the latent loads calculated in the building for the complete
year as well as the demand that would be seen by dehumidification systems in case of
existence during cold periods. As seen when both matrices are compared, winter latent
demand is only significant (around a 12% of the yearly demand) for Climate zones with
low winter severities and high summer ones A1 and B1, while there is no demand out
of the summer period for zones C, D and lower. Figure 33 show a time profile for latent
loads from May to October. In these two months, it exist a relative high latent demand
for warm climatic zones that is not appreciated for the other climatic classifications.

Table 32 : Latent demand occurring during winter months [ Wh/m’]

Summer Climatic Severities's
Latent
Winter Class Class Class Class Class
Exc. Heat Exc. Cold
A B C D E

= Exc.
2 Heat
E Class 1 | 3% 01 | 42333 | 21412 76,12 288,35 8583 7782
-4
3 Class 2| 14699 7973 47,49 20,28 16,15 0.00 292
L=
= Class 3 3924 047 0,00 0,00 0,00
= |Class4| — 169 | oo00 0.00 0,00
3‘: Class 3 0.00 0.00 0.00 0,00
£ Exc.

0,00
= Cold g
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Suvmmer Climatic Severities’s Svmmer Climatic Saveritias's Svmmer Climatic S8sveritias's
Latentdemand Latent demand Latentdemand
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Figure 33: Latent loads calculated for the studied building during the central months of the year
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5. Solar System Definition

The second part of this work is based on the integration and evaluation of different solar
based technologies working under a determinate number of boundary conditions. After
evaluating the climatic conditions able to lately classify this work results, and define and
calculate loads and demands for the studied building, it is time to have a clear view of the
potential solar energy to be collected by different technologies. Solar radiation is to be
collected to introduce the produced thermal energy into a determinate heating facility that in
the case of this work, delivers energy in both heating and cooling mode into an occupied
zone of a residential building.

5.1 Radiation parameters

As a first step, a reduced number of solar indicators and definitions related to each climatic
zone defined must be exploded to limit the studied problem

5.1.1 Total radiation

As a first approximation to the problem, the amount of energy that the sun can provide along
the year to the European earth surface, represented by total radiation on an horizontal
surface, (Table 33), and the percentage of the radiation arrived in summer compared with the
total. (Table 34). The calculations were done on the base of direct normal and diffuse
radiation contained inside the of the meteorological data files following [Duffie 1983]
methodology
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Table 33: Yearly total radiation on horizontal classified by climatic severities [Wh/m2y]

Summer Climatic Severities's
Total Horizontal
Radiation Class Class Class Class Class
Exc. Heat Exc. Cold
A E C D E
= Exc.
z Heat
E Class 1 [ ffaf 06| {70587 | [a33 86 [474 00 | /33262 | 152201 | 128190
% Class 2 [EFFO38 ) 161090 | [447 02 | 140860 | 127016 | 126964 | 119382
[+
‘3 Class 3 15360, 71 | 1445,72 | 116088 | 99708 | 112879
; Class 4 137856 | 123071 | 114925 | 1088 44
3': Class 3 153152 | 116728 | 105388 | [1124.87
E Exc. . . . . . .
Cold Qg3 38

Table 34 represents in a comparative way the amount of energy received from the sun
during the four previously defined summer months against the complete year. This
parameter is important when the solar systems are potentially used as driving energy to heat
and cool occupied spaces. Down-right positions of Table 33 and Table 34 remark
quantitatively that in colder places (D3, D4,E3, E4...) radiation resources are around 30%
lower than in the other classifications and what it is more important, the radiation is mostly
available during four summer months.

Along winter periods the potential available radiation is low and heating demands are high,
needing of higher collector surfaces to cover the demands. In summer time that zones
receive the most of their solar radiation, but due to the relatively cold summers, the cooling
demand is not critical. That would make difficult the economical return of investment of the
facilities as it would be seen lately in this work.

Table 34: Ratio (Summer/yearly)total radiation on horizontal [%]

Summer Climatic Severities's
summer [
Yearly Radiation Class Class Class Class Class
Exc. Heat Exc. Cold
A B G D E

= Exc.
i Heat B o _“ B _“ _“ “_
'?3 Class 1| 4% 47% 47% 49% 47% 48% 48%
:ps: Class 2 458% 40% 49% J0% 49% J0% 30%
=
"é Classz 3 . et 30% J0% 30% 32% 32%
= |Classa| — 49% | s0% | 51% | s51%
; Class 3 i L5 — 32% 49% 32% 3%
= e ] _ ] ~ i i 56%

Cold
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To fix the last ideas, it was prepared a table to represent the number of hours from the total
8760 of a year from which the radiation can be a useful resource. Table 35 denotes that the
number of daylight hours is not so different from one to other climatic zone. Combining Table
33, Table 34 and Table 35 it is easy to understand that climates located bottom right in the
tables, do have not only lower total radiation but also the daily winter average potential
radiation is also smaller,making difficult its use as “free” energy source with economical
return of investment problems when the technologies would be compared with other existing
in the market.

Table 35: Daylight hours along the year classified by climatic severities[h]

Summer Climatic Severities's
Day time
hours Class Class Class Class Class
Exc. Heat Exc. Cold
A B C D E

& Exec.
z Heat
E Class | | 4378 80 | 4493 50 | 4521 14 | 449060 | 454600 | 4533 560 | 4517 67
E_ Class 2 | 4386, 33 | 4484 53 | 4521 14 | 4371 17 | 447400 | 4434 00 | 4424 535
=)
k- (Class 3 L e 4521 14 | 4370 1T | 4446, 94 | 4371 85 | 444063
E Class 4 S EAs e 447300 ) 4466,50 | 4478 20 | 4383 92
3': Class 3 . = 5 4455,00 | 4452 17 | 4418 04 | 4407 29
§ Exc.

Cold 4423 20

The confirmation of all the previously exposed concepts is completely cleared with the help
of Weibull distributions. The hourly total radiation for each of the studied weather points, and
the averages when studying the climate zone classified by severities, were adjusted using
Weibull distributions. For every one of the studied cases, the Weibull distribution fits total
solar radiation on the horizontal with R* values over 98%, assuring the viability of the
adjustment. Figure 34 represents the Weibull probability distribution for some climatic zones
to denote how the movement along similar summer climatic severities towards coldest places
goes hand in hand with a clear concentration of sunny days only around the central positions
of the distribution while hottest climates have a more equitable solar distribution (Same
coloured lines correspond to a determinate summer climatic severity while solid lines
represent the warmest zone of the summer class and dotted line to the last zone of the
summer class)

For a determinate colour (summer classification) the dotted line is always moved to the right
with respect to the solid one and the central point of the distribution is higher.

The same effect is clearly seen when comparing summer zones for the same winter class.
Comparison between solid or dotted lines always represent lower and displaced to the left
the warmest climates.
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Figure 34: Weibull probability distribution for some of the studied climates.

In order to evaluate more accurately the suitable solar energy that could be collected, a
delimitation of these data was done, calculating the potential arriving energy on a tilted
surface oriented to the south. This orientation is considered optimal for solar collectors if the
designer scope was collecting radiation during all day hours and not only during mornings or
afternoons. For comparison purposes, the tilt angle of the collectors chosen for all Europe
was 40°, even though the best value varies with the latitude and the use periods of the
radiation collected.

Moreover, two different maps were created, one for the heating season and one for the
cooling season, Figure 35 and Figure 36, respectively. Cooling season has been defined
from 15" May to 15" September and heating season is the remaining part of the year.

Il < 550 [ 550-700 ] 700-850 ] 850-1.000 [N > 1000

Figure 35: Total radiation on 40 °tilted surface for the heating season [kWh/mzy] (8 months).
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P r e XE
B < 700 I 700-800 [ ]800-900 [ ]900-1.000 M > 1.000

Figure 36: Total radiation on 40° tilted surface for the cooling season [kWh/mzy] (4 months).

The last two figures above represent the maximum amount of energy able to be collected
from the sun independently of the type of collector and the temperature needed in the
processes, so these graphs correspond to the upper limits in terms of potential energy to be
collected.
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5.1.2 Ciritical and useful radiation

Along the last chapter 5.1.1, it was calculated the maximal solar availability for two different
seasons, but solar collectors convert the energy collected from the sun with a determinate
efficiency into thermal or electrical energy with the purpose of using it in different processes,
decreasing fossil fuel demands. New potentialities for the solar radiation, divided by
technologies and processes, and as a consequence by seasons, are going to be defined to
adjust better the expected results when each one of them would be applied. Definitions as
critical and useful radiations become the tool that reduces the first solar potential to those
that adjust the different studied processes.

To introduce the utilizability concept it will be used the Hottel-Whillier equation, which relates
the rate of useful energy collection, q,, to the design parameters of the collector and its
operating conditions.
Equation 23: Energy collected by a solar collector [Hottel-Whillier]
qu=A-[Fr- (- a) It — Fg - Up.(T; = Tamp)]*
Where:
qu is the rate of useful energy collection.[W]

Fr is the collector heat removal factor

(ta) s the effective transmittance-absorptance product

It is the instantaneous solar radiation per unit area on a tilted plane [VV/mz]
U, is the collector overall energy loss coefficient [\N/mZK]
T; is the collector fluid inlet temperature [K]

Tomp  is the ambient temperature[K]

Collector parameters, Fr(ta) andFRrU;., can be determined form standardized collector tests
or obtained from the technical brochure of the manufacturer. The superscript + is used to
indicate that only positive values of the quantity in brackets are considered. In practice, a
controller is employed to prevent fluid circulation whenever the solar radiation is not sufficient
to overcome thermal losses from the collector.
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Equation 23 can be rearranged into:

Equation 24: Hottel-Whillier equation written as a function of Critical radiation (Ig)
Qu=A-Fg-(t-a) [Iy —I]*

Where:
1. is the critical solar radiation [\N/m2]

The critical radiation I is defined as the radiation level needed to maintain the collector plate
at the fluid inlet temperature. In other words, critical radiation can be defined as the level of
radiation that creates the equilibrium between the energy loses and the energy collected for
a collector working at a predetermined temperature.

Equation 25: Critical radiation

FR " UL'

Ip=——<-(T;—T
Cc FR'(T'a) (L amb)

From the definition of critical radiation derives the concept of utilizability. Klein et al 1984,
define it as the fraction of solar radiation incident on a surface that exceeds a specified
threshold or critical level. Mathematically the useable radiations defined as the difference
between total and critical radiation received by a determinate collector to be used by an
application defined by its driven temperature. (Utilizability concept is a radiation statistic
analogous to degree-days replacing the temperature data by solar incident radiation)

Equation 26: Useful radiation

Itemp,coll =1 _ Itemp,coll
Useful — ‘total Critical

Where:
temp,coll . . . 2
Lysefut is the useful solar radiation for a determinate temperature and collector.[W/m®]
temp,coll . . s s . 2
I.icicar 1S the critical solar radiation for a determinate temperature and collector[W/m°]
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5.2 Application of the utilizability concept for the studied cases

The utilizability concept exploded in the first part of the chapter is being crossed with the
equipment integrated into the solar facility, defined mainly by a representative temperature of
the process and the type of collector that heats the fluids.

In order to reach the scope of this work, two different solar thermal collector technologies
were decided to be studied to evaluate their potential alone, or in combination with other
components, to cover the heating and/or cooling loads of a determinate building around
Europe.

The first stage was the election of two collectors that will be used in this work to test the
potentialities of different technologies that differ in efficiencies and prices. Taking a look on
the solar thermal collector state of the art, it was clear a first division of the technologies, flat
plate (FPC’s) and Evacuated Tube (ETC’s) collectors, which main differences are the
efficiencies when working at relatively high thermal levels and the installed price by squared
meter that increases in the Evacuated Tube case around a 30% the installation. (Although
the number of square meters needed to produce the same energy than the flat plate ones is
smaller).

The second decision for the election of the collectors was the choice of one representative
collector for each technology with enough quality to reach 60°C needed for Domestic Hot
Water production (DHW) without abrupt efficiency decreases. It was decided to control the
thermal collector data base existing in SPF Institut where the collectors are certified for all
Europe and the internet data base is public, including the efficiency parameters and
schematic designs of the collectors and their absorber plates.Solar thermal collectors are
defined by its efficiency. It evaluates performance as the ability of collecting solar
radiation,decreased with the thermal losses to the environment (see Equation 27):

Equation 27: Solar thermal collector efficiency

(Tavg - Tamb) (Tavg - Tamb)2

n=I1AM X ky, —kq * G, —k, G,
Where:
ko optical efficiency
ki =linear loss coefficient [VV/mZK]
K, = quadratic loss coefficient (not used in this case)[W/m?K?]
Tavg = average temperature [K]
Tamb = ambient temperature [K]
G, = Total solar irradiance on the collector plane [VV/mz]
IAM = Incident Angle Modifier, evaluates in percentages the amount of energy that

arrives to the collector depending on the two angles (transversal and longitudinal) that
the sun forms hourly with the tilted collector.
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After a statistical analyses of the existing collectors and their parameters, it was decided to
use a flat plate collector with 0.823 optical efficiency parameter (ko) and 3.02 W/m?K as linear
loss coefficient (k4). The ko quadratic loss coefficient was decided to be neglected to simplify
calculations (second order losses are comparatively much lower than first order ones
represented by the second term of Equation 27). The IAM values that modify the radiation
collected as a function of the incident transversal and longitudinal angle are described in
Figure 37.
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Figure 37: IAM angles for Flat Plate Collector

The Evacuated Tube collector was chosen firstly based on the more often constructive
design represented in the European market when this part of the work began in 2007. The
two constructive types on the left of Figure 38 were used in the 75% of the Evacuated Tubes
sold in the European market. Both of them have similar kO, k1coeffiecients and their IAM
angles differ only a little, an standardized collector of those typologies with kO= 0.601 and
k1= 0.767 W/m2K was chosen as the Evacuated Tube to be simulated. IAM values are
represented in Figure 39.

Figure 38: Six different constructive typologies for Evacuated Tube solar collectors
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Figure 39: IAM angles for the Evacuated Tube collector studied

Critical radiation can be reformulated from Equation 25 andEquation 27 into
Equation 28

Equation 28: Critical radiation for a determinate collector and process

k
temp,coll __ 1
ICritical - IAM X ko * (Tprocces - Tamb)
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As can be seen, to define the Critical Radiation it should be previously defined, the type of
collector, the IAM angles and the temperatures needed for the considered processes.

Within this work, the process temperatures considered were dependent on the technologies
of the sorption chillers used for the cold water production and on the needs to distribute
domestic hot water and heating. Therefore, the temperatures considered for the computation
of the Critical Radiation were:

e 20°C for heating increasing the temperature level with the use of a heat pump.

e 40°C for heating with direct feeding of radiant floors or low temperature fan coils.

e 60°C for Domestic Hot Water production all along the year.

e 70°C for Adsorption chillers (summer time)

e 90°C for Absorption chillers (summer time)
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Figure 40: Heating season useable radiation for FP and ETC collectors working at 20°C, 40°C and
60°C
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Previous and following maps represent in a common scaled graphical way the usable
radiation for each of the two thermal collectors chosen in different seasons. Heating season
radiations are represented in Figure 40: Heating season useable radiation for FP and ETC
collectors working at 20°C, 40°C and 60°C. Figure 40 while summer radiations are described
in Figure 41. Flat Plate collectors are positioned on the left part of the figure and the process
temperatures are increasing from top to bottom.(For each of the locations the collectors are
south oriented and the tilted angle over the horizontal is the one that optimize the amount of
radiation by them received along the year)
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Figure 41: Cooling season useable radiation for FP and ETC collectors working at 20°C, 40°C and
60°C

It should be remembered that the useable radiation results are related to the maximum
amount of collected energy, for defined processes and ambient temperatures; therefore, in
the case of the chillers, the temperature evaluated is the minimum one that can drive the
system. Moreover, the characteristic parameters of the collectors (ko and k4) are taken
constant for the calculations, which is only achievable if their inlet temperature is also
retained constant. This is only possible if the demand and the Useable radiation always
overlap, which is not the case. As a result, the model used introduces some simplifications
that result in somehow overestimated figures, when compared with actual energies available
for heating, cooling and domestic hot water production. Nevertheless the model is well suited
for the purpose of the most promising markets analysis, since it allows an easy comparison
of the European regions in terms of offered solar energy at different year times.
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Comparing vertical rows it can be noticed how the potentially useable radiation increases
with evacuated tube collector for all temperatures. ETC’s behave better as colder the winter
or the summer season is.

1.

Table 36 represents the potential increase in the energy to be collected when ETC are
used instead the FP ones for a determinate temperature level that determines a process.
The six tables are divided in two columns, representing winter and summer potential
increases while the temperatures levels were chosen to drive different processes. The
results obtained determine only the potential energy collected from at a determinate
temperature. In this chapter is not still considered the building demands that will adjust
the results to the energy collected at one determinate temperature and delivered to the
building. This last consideration avoids accounting energy that is collected but not used
to satisfy the building demands. i.e: Spring periods where the heating demand is nearly
zero are being accounted as solar collected energy.

a.

There are two different maps and tables representing the increases at useful
temperatures for DHW systems (60°) explained by the continuity of the DHW
demand along the year. The division in two different plots allow lately the
comparison between energies collected between 40 and 60 °C during the heating
season (direct feeding of radiant floors vs DHW)and the differences between 60
and 70 in the summer season (DHW vs. adsorption machine driving temperature.)

Table 36 denotes different increases in winter and summer season explained by
the highest ambient temperatures registered during the central months of the year
against the lower winter temperatures

The use of heat pumps at 20°C as evaporator temperature doesn’t increase
drastically the collected energies. Price differences bigger than 10% in warm
climates and 16% in cold ones would not recommend the use of ETC in
combination with a solar thermal facility.

In winter time, the increased efficiency of the ETC against the FP’s keep a logical
increase of energy collected with the temperature. ETC behaves in most of the
cases collecting between 0.70 to 1.1% more energy for each degree over 20°C
that defines the operating temperature of the studied process. .In summer time,
the ETC efficiencies are still higher than for FP collectors, but the energy
collecting ratio increase is lower than in winter time because of the lower thermal
losses of the collector envelopes (Lower ambient temperatures)
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Table 36: Difference in the collected solar energy when used ETC vs FP for 3 different winter (left) and
summer cases (right)
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2. Comparing horizontal rows it can be seen how lower process temperatures maximize the
useable radiation for each one of the collectors.(Figure 40, Figure 41 and Table 37)

1.

The eight tables represent the potential collected energy increases for a determinate

technology when a heat pump is driven against direct floor heating feeding or floor
heating vs DHW for heating seasons (20°C vs40°C and 40°C vs 60°C). During cooling
seasons, DHW is compared to the energies related to adsorption systems and those last
against absorption chillers (60°C vs 70°C and 70°C vs 90°C). Every value represented
inside the tables is negative revealing that the efficiency of the collectors decreases with
a temperature increase.

The results obtained determine the potential decrease for a determinate technology
when increasing from one temperature level to the next one in terms of heating,
DHW and cooling feasibility studied in this work. Left columns in Table 37 relate to
Flat plate collectors while on the right side of the figure, the evacuated tube collectors
are studied. Only the potential energy collected from at a determinate temperature. In
this chapter is not still considered the building demands that will adjust the results to
the energy collected at one determinate temperature and delivered to the building.
This last consideration avoids accounting energy that is collected but not used to
satisfy the building demands. i.e: Spring periods where the heating demand is nearly
zero are being accounted as solar collected energy.

o Temperatures related to heat pump processing with the use of flat plate

collectors obtain as minimum a 15% more solar energy that when a direct
driven heat floor is studied, although heat pump processes need of a
fuel/electricity to be driven. The importance of heat pumping with the use of
ETC'’s isn’'t completely clear. The energy collected is not much higher and the
investment costs would surely eliminate the advantages.

During the winter season the energy losses when working at 60°C instead
40°C are important for the flat plate collectors, but prevalence on DHW over
heating loads will lead to assume the losses or create a differentiate heating
generation protocol that feeds DHW from backups sources and heating from
renewable ones. The effect as happened before is not so important for ETC’s,
accepting these last ones an increase on the working set point temperature
without nearly affecting the efficiencies.

Along the summer season the differences are much smaller between DHW
and adsorption driven temperatures for the FP case. Nearly imperceptible is
the difference for the ETC cases.

Results obtained when comparing adsorption and absorption driven
temperatures, show the potentiality of the set ETC and absorption machine
while results for the FP collectors cases should be deeply studied.(Increased
efficiency of absorption machine technologies is lowered by the smaller
amounts of energy collected by the solar field)
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Table 37: Difference in the collected solar energy when used FP (left) and ETC (right) for 5 different
temperature levels.

Summer Climatic Severities"s Summer Climatic Severities's
FP40/20 ETC40/20
Useable Radiation Class Class Class Class Class Useable Radiation Class Class Class Class Class
Exc. Heat Exc. Cold Exc. Heat Exc. Cold
A B C D E A B C D E
o Exc s Exc
z Heat - - - - - - - z Heat - - - - - - -
"I:E Class 1] -13% -16% -16% -18% -19% -16% -19% TE Class 1 -7% 3% 8% -9% -10% -8% -9%
:E_ Class 2 | 1526 -16% -18% -18% -18% -19% -20% é Class 2 -7% -8% -9% -8% -9% -9% -9%
o o
g Class 3 — o -16% -17% -19% -23% -21% k- Class 3 — — -7% -8% -9% -11% -10%
£ |ctassa| — sw | -1s% | 200 | 2u% 2 |atasse|] — 8% 8% 9% | 10%
5 |ctasss| — 6% | -1s% | -20% | -20% 5 |Classs] — 7% 5% 93 9%
; Exc . . . . . . e § Exc ~ - - _ ~ .
Cold 0% Cold e
Summer Climatic Severities's Summer Climatic Severities's
FP60/40 ETC60/40
Useable Radiation Class Class Class Class Class Useable Radiation Class Class Class Class Class
Exc. Heat Exec. Cold Exc. Heat Exc. Cold
A B C D E A B C D E
N Eac " Exc
5 Heat - - - ___ - - - 5 Heat ~ ~ ~ N N ~ -
':E Class 1] -27% -20% -29% -22% -36% -30% -33% TE Class 1] -17% -18% -17% -9% -22% -16% -17%
:§ Class2| -21% -18% -19% -17% -20% -22% -21% ..-5 Class 2| -12% 8% -7% -3% 7% -8% -6%
) )
= Class 3 -— - -13% -16% -21% -8% -13% ] Class 3 — - -5% -6% -7% 8% 1%
:E Class 4 -21% -21% -15% -13% :E Class 4 -11% -9% -1% 1%
il: Class 5 — — — -22% -21% -10% -13% ; Class 5 - - — -8% -8% 4% -2%
E Exc . . . . . . i § Exc ~ - ~ _ _ . N
Cold 2% Cold it
Summer Climatic Severities's Summer Climatic Severities's
FP70/60 ETC70/60
Useable Radiation Class Class Class Class Class Useable Radiation Class Class Class Class Class
Exc. Heat Exc. Cold Exc.Heat Exc. Cold
A B C D E A B C D E
Exc. _ _ . _ _ . . Exc. . . _ _ . _ _
Heat Heat
Class 1| 6% -6% -7% -7% -8% -7% 9% Class 1 -2% -2% -2% -2% -3% -2% -3%
Class2| -6% -6% -7% -7% -5% -5% -9% Class 2 -2% -2% -2% -2% -2% -3% -3%
Class 3 — - -6% -7% -9% -10% -9% Class 3 - — -2% -2% -3% -3% -3%
2 |ctassa| — 5% 8% 9% 9% 2 |ctasse| — 2% 3% _3% -3%
il: Class 5 — o — -6% -8% -9% -9% ; Class 5 — — — -2% -3% -3% -3%
£ [ TEx £ [ Ex
# Cold e & Cold o ~ B ” i
Summer Climatic Severities's Summer Climatic Severities's
FP30/70 ETC90/70
Useable Radiation Class Class Class Class Class Useable Radiation Class Class Class Class Class
Exc. Heat Exc. Cold Exc. Heat Exc. Cold
A B C D E A B C D E
- Exc - Exc
2 Heat ~ ~ N N - k] Heat - ~ ~ ~ N
T |ctess1| 29 | 13% | -re% | a5% | -ives | 14 | 17 T |css1] 4 4% 4% 4% -3% 4% -5%
:15: Class 2| -12% -13% -13% -13% -16% -16% -17% E Class 2 -39 -4% -4% -4% -3% -3% -3%
) o
k- Class 3 — - -13% -14% -17% -19% -18% k-] Class 3 — — -4% -4% -6% -6% -6%
Class 4 -13% -16% -18% -18% Class 4 -3% -3% -8% -6%
il: Class 5 -13% -17% -18% -18% ; Class § -4% -3% 6% -6%
£ Exc. = Exc.
2 Cold k3 2 Cold - B B B 253
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6. Combination between building and
solar system

In the three previous chapters it has being created a European climatic division to facilitate
the classification of building demands and solar energy collected by different solar collectors.
Along this chapter the intersection between building demands and solar energy potentials is
going to be settled, ordering the results in the climatic severity matrix.

The intersection between building demands and solar energy production delivered, has been
evaluated with 16 different parameters for each one of the two collectors studied in this work.
As can be further seen, once that the collecting technology has been chosen, the parameters

differentiate results obtained by the facilities developed in 6.1 with and without Heat Pump
during heating and cooling season.

1. Square meters of solar thermal collector installed

2. Gas saved [kW] by the solar thermal plant

3. Gas saved [kW] by the solar thermal plant with HP

4. Electricity saved [kW] by the solar thermal plant with HP

5. Energy saved by the solar plant for heating production and CO2 not emitted

6. Energy saved by the solar plant with HP for heating and cooling production and CO2
not emitted

7. % coverage of heating and DHW demands by the solar plant
8. % coverage of heating, DHW and cooling demands by the solar plant with HP
9. Primary energy saved by the solar thermal plant

10. Primary energy saved by the solar thermal plant with HP
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11. Yearly monetary savings by the solar thermal plant

12. Yearly monetary savings by the solar thermal plant with HP

13. Investment costs of the solar plant for heating production

14. Investment costs of the solar plant for heating and cooling production
15. Return of investment for the solar plant for heating production

16. Return of investment for the solar plant for heating and cooling production

From those 16 evaluated parameters, the first four could be considered as principals to
determine the viability of the systems when combined with the fossil fuel prices and the
investment costs. From them, it could be evaluated all the other 12 indicators relating to
primary energy and CO, factors, building energy demand by seasons or the substitution of
gas in heating processes and electricity for cooling ones. The first indicator relates to
installation sizes while the comparison between the second and the third indicator describe
the relative importance of the thermal heat pump during demand heating periods. The fourth
indicator explains the electricity savings for cooling production.

An accurate description of each parameter for the two collectors evaluated around Europe,
would lead to a wide chapter. Because of that, only a reduced group of parameters will be
investigated in a first step, to eliminate the locations where the feasibility of solar driven
technologies installed in island mode for heating and cooling, doesn’t meet a number of
predetermined requirements. By definition, a system connected in island mode consumes its
own energy in the building and the energy exceeds are not sold or distributed to other
users.The requirements critical to exclude a climatic condition from the study are, for
example, the number of years to make the facility economically profitable or a maximum
solar collector area needed to climate 100m? of occupied space.

The studied parameters are divided in two categories related to economy and efficiency, both
of them used to compare the savings obtained when the solar system is driven the building
against a typical heating and cooling installation.

The amount of variables needed to be taken into account, and the intervals in which each of
the variables should be evaluated, creates a pretty high number of combinations to be
applied on the weather data points studied. That kind of work would deliver a high amount of
rough data difficult to evaluate and in some of the cases, not useful because some of the
studied zones will be lately found as not recommended to have installed solar technologies
for heating and cooling. The solution adopted goes through the initial evaluation of the
problem, determining a “real value” for each one of the studied parameters, and later on, it is
studied the variation of every single parameter to obtain better energetic and economical
results for the set building-solar facility.
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Economical parameters:

e |Initial costs of equipment where it is included the installation, commissioning and
adjacent equipment needed to properly work.

o Flat plate collectors. (Price 700€/m2)

o Evacuated tube collectors (Price 1000€/m2)

o Electrical heat pump (chiller) (Price 700€/kWCold)

o Thermal heat pumps (chillers) (Price 900€/kW Cold)
e Operational costs:

o Gas Price: 0.1€/kWh

o Electricity prices: 0.15€/kWh

Efficiency based parameters:

o Boiler efficiency: 0.95%
o CO02 gas factor= 0.202 tCO,/MWh; [IPCC2006]

o CO2 electricity factor= 0.44t CO./MWh,[IPCC2006]

In a first step, the energy saved by the different installations is described independently of
the characteristics of the energy replaced (gas or electricity in the case studied here).

Table 38 compares the energy delivered from the two different solar thermal facilities and
used by the building (Energies represented by square meter of solar collector installed). In
this case the compared facilities are both of them based on Flat plate collectors, being the
second one combined with a sorption heat pump, taking advantage of the higher collector
efficiencies and benefiting the positive COP of the machine when combining the energy
delivered by a boiler with the one proceeding from the solar field working with low
temperature levels.
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Table 38: Saved Energy by a FP'’s solar field, alone and in combination with HP along the heating

2
season [kWh/m°]
Flat Plate Summer Climatic Severities's Flat Plate + HP Summer Climatic Severities's
HEarsved Class Class Class Class Class e e Class Class Class Class Class
[k“"h"ﬂﬁ] Exc. Heat Exc. Cold [k‘,’\.‘h-'mj] [Exc. Heat] Exc. Cold|
A B C D E A B C D E

- Exc. - Exc.

_E Heat E Heat

T |Class 1| #izad | #0357 | 38544 | 24476 T |Classt| 43020 | 46379 | 40939 | 2675.

& [ctass2| 28952 | 23378 | 21640 | 15778 % Iclasso| 32532 [ 28078 | 24002 | 21165

o o

k- Class 3 187,61 18848 F: £ Class 3 -— 21541 213,56

£ |ctasse| — 20017 E £ |omssa| — 235,78

é‘ Class 3 16180 E é‘ Class 3 — - 190,73

= Exc. e Exc.

# Cold # Cold

Exccold zone.

Table 39remarks the extra energy obtained in kWh/m? terms or percentage when a heat
pump is installed in a Flat Plate installation. Although there are relative high energy increases
related to the use of heat pumps inside the dotted zones (right matrix), the absolute values of
the extra energy produced are lowest ones (left matrix). This behaviour is directly related to
the low solar irradiation available during the heating season in places comprised between D3
and Exccold-Exccold zone.

Table 39: Compared energy savings. FP vs. FP+HP in absolute and relative numbers

Increases due SummerClimatic Severities's Increases due Summer Clinatic Severities's
L Class Class Cless Class Class dakl LBk Class Clas: Class Class Class =
[kwh/m2] Exc. Hzat Exc. Cold [%a] Eic Heat Exc. Celd
A B C D E A B C D E
- Exc = Esc
i He:t z Heat
= =}
T |clss1| 277 2322 nes | 2305 £ |Class1| 432 53% 6,2% 9.4%
£ |ous2| 58 28,00 B2 23487 E |cuass2| 124% | 2iezs | 1r0% | 2%
o @
k| Class 3 779 27608 E  |ctasss = 148% 4%
£ |otsss| 34,60 £ |otasse| — . '7,2% T B
5] =]
5 |ctss] — 2895 5 [Classs] — — '7.9% |i:usisE:i)id
3 Exc. g Exc.
= Coll = Cld _

Table 40 represents the amount of energy delivered to the building during the cooling season
related to the number of square meters installed (left matrix) and the ratio between the
energy delivered in summer time vs total amount of energy delivered. This last matrix
demonstrate in relative values how the system delivers a little bit more energy in Exc. Heat
Summer zones during the four summer months than in rest of the year, underlining the
prevalence of cooling needs against heating ones. Right-down movements in the table leads
to more focalized heating facilities compared to the previous cooling ones.

Table 40: Saved Energy by an FP+HP facility along the cooling season and its ratio against yearly
savings
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Flzt Plate + HP Summer Climatic Severities's Flat Plates + HP Summer Climatic Severities's
: L Class Class Class Class Class RINImE ool Class Class Class Class Class T
W him? Exc.Heat Ezc.Cold 1 xc. Col
[eWhim2] A B c D E 1% A B c D E
- Exc. - = n -
s Hest o 3 Exc. Heat
E E - -
T |Class 1| #2546 | 370,70 330,4! 2267: | 2009i 237,36 123,66 - Cless 1 |192,3% 444% 44.7%
H
& [Class2| wagor | 31002 | 23036 | 1se36 | 5269 4418 2532 = Class2 | 3732 | 33.1% | 494%
o 2 - e .
% |[Class3 203,00 74, : i Cless 3 — 48,3%
; Class 4 4 ‘E E -
£ == =
ié' Class 5 é‘ Cless 3 N
3 2 |eccad| —
Cold

Similar tables are obtained for the Evacuated tube cases, Table 41, with the logical increase
of energy produced during the heating season by square meter of collector installed and with
lower production differences between the two proposed facility layouts. In this case, the
utilization of heat pumps does not produce great advantages along the here studied season,
but it will allow more efficient cold water production during summer time.

Table 41: Saved Energy by an ETC field, alone and in combination with HP along the heating season

ETC's Summer Climatic Severities's ETC's +HP Summer Climatic Severities's
" ass ass ass ass ass 4 ass ass ass ass ass

Heat e ct ct ct ct c et ct ct ct ct ct

[kWh/m2] Exc. Heat Exc. Cold [kWh/m2] [Exc. Heat| Exc. Cold)|

A B [ D E A B [ D E

= Exc. = Exc

2 Heat 2 Heat

-} =

T [class 1| 54168 | 57606 | 51035 | 365755 | 41686 | 50662 T [Class 1] 5326 | 588,00 | 52326 | 38070 | 22541 | 52030 | 355,03
:E Class 2| 37730 | 34482 | 30447 | 285,14 | 21106 | 23536 5 Class2 | 39509 | 360,70 | 31915 | 30038 | 22618 | 273,01 | 26443
5 9

< Class 3 29950 | 294,03 167,69 134,36 £ Class 3 3193 312,89 | 183,77 14845 | 204,34
; Class 4 322,05 194,12 160,85 E Class 4 345,60 | 21056 | 17532 176,356
3': Class 3 300,80 | 23621 130,52 ; Class 3 32497 | 23632 163,34

£ Exc = Exc

# Cold = Cold

Table 42: Compared energy savings. ETC vs. ETC+HP in absolute and relative numbers

Increases die SummerClimaric Severities's Increases due Summer Climatic Severities's
to HP +ETC's Class Class Class Class Class toHF *ETC's Class Class Class Class Class
|kWh/m2] |Exec. Heat Exe. Cold [%] Exc Heat ) Esc.Cold
A B C D E A B C D E
= Exc = Ezxc
5 Het = g Heat
§ Class 1] 9,48 1193 71 1335 13 13,67 1257 ; Class 1| 17#28 2% 2,5% 3,65 23% 2,7% 3,42
E |ousi2| 2w 15,88 4,68 1524 15,13 19,45 19,85 £ |Class2| 53% 4.6% 4.8% 3,3% 7256 7,62 8,1%
- o
£ |cuss 13,88 1336 15,08 14,09 1563 £ |Class3 6,6% 6,4% 202 103% | !00%
Z |ousis 2355 | 1641 | 167 | 1 £ |Class4 S BREECN WY W
=]
5 [Class 2417 | 03 482 | 15600 £ |Class3 8,0% 86% 9,8% 100%
8 Exc. £ Ezc.
z o o = Cold

As it happened with the flat plate collectors, the single dotted zone correspondent with ETC'’s
deliver much less energy to the building in both seasons than the worst zone of the other 25
climatic categories. (Around a 50% lower that eliminates the zone potentialities for ETC

facilities)

Table 43: Saved Energy by an ETC+HP facility along the cooling season and its ratio against yearly
savings
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ETC's+HP Summer Climatic Severities's ETC's + KP Summer Climatic Severities's

S S Class Class Class Class Class pummenysiow) Class Class Class Class Class
[kWh/m2] | Exc.Heat Exe. Cold [%] Exc.Heat Exc.Cold

A B C D E A B C D E
= . £ JExc Heat)
E Heat 2
2 |casst1| szgor | 50545 | 45759 | z3sa | 32240 | sz | 17 T N Classt | 535 | 425 | a7 | anizm | g2en | a5
& Cass2) 36877 | 42680 | 32,13 276,14 9336 79.86 4848 . Class2 | 388% 34285 30,7% 479% 297% 225%
=
; Cass3 305,56 255,29 7431 623 4327 2 Class 3 — 489% 452% 290% 4,0%%
E Class 4 24548 9676 7873 3290 E Class 4 — 413% 313% 310%
= =]
g Cass 3 - - - 183,50 3864 1741 3418 3': Class 3 . . = 363% 186% 9.3%
& Exc. S
Exc. Cold —

z Cold = c. Co

Finishing with the energetic substitution overview, some figures represent the coverage
factor for each of the layouts and compared by solar technologies. In a first couple of figures,
Table 44, shows the total coverage factor when using simple Flat Plate or Evacuated Tube
Collector facilities. Differences between both factors in energetic terms remain small in most
of the cases.

Table 45 and Table 46 discriminate the building demand in heating and cooling season
respectively, being also obtained similar results in comparative terms, although in following
chapters will be evaluated the same values from an economical point of view, to decide
which technology is better for each zone. An interesting aspect can be appreciated in Table
46, where zones B3, C5, E2, E4, and ExcCold3 to 5 cover nearly the complete cooling
demand with the use of a thermal heat pump, this means that there is nearly no need to use
the gas boiler during the heating season to assure internal comfort . It also can be
appreciated how the solar system is optimized to cover in winter time the demand of warm
zones and summer time demands for coldest places avoiding over-dimensioning and over-
heating periods that create damages to the collectors and disturbances to the facility. In case
of overheating, solar facilities should be partially covered to avoid stagnation temperatures or
some heat evacuators should be installed distributed among the collector lines, increasing
the installation costs

Table 44: Coverage from the total building demand delivered by a solar facility without thermal heat

pump
Summer Climatic Severities's ; Summer Climatic Severities's
Flat Plate ETC's
Coverage Factor et L Cl et €
Coverage Factor Class Class Class Class Class S— -4 Exc. Heat s — S = 255 Eee Cold
%] A B C D E [%] A B C D E
% [Exc Heat % [Exc. Heat
2 2
b=} =
T | Class1 [Raean] wesze | wize | 72 | Classt | aniee | 792% | 7822 | msre | reaes | rress | 7san
:’E: Class 2 64,7%% 67,8% 67,62 64,3% é Class 2 70,0% 73,0% 723% 69,0%% 67 4% 63,02 64,0%
5
'TE Class 3 — — 39.5% 60,226 )i £ Class 3 - —- 62,6% 64,1% 62,626 63,2%% 604%
£ |oasss ]| - 56,4% = | ctasss | — 603% | s97% | 5922 | se6%
S 3]
F Class 5 535% | H Class 5 556% | s70% | s92% | svs%
2 e cotq = |eccod| — |isEse
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Table 45: Coverage from the heating building demand delivered by a solar facility with thermal heat
pump

Summer Climatic Severities's Summer Climatic Severities's
Flat Plate + HP ETC's +HP
Coverage Factor Class Class Class Class Class Coverage Factor Class Class Class Class Class
: Exe. Cold Esc. Heat Exc. Cold
Winter [%] A B C D E winter [%] A B C D E
Exc. Heat] — — - - — — — £ Exc.Heat| - = = = = = =
H
Class1 | 82056 | 803% | 796% | 778% | 763% 76,8% ‘."3 Class1 | 823% | 808% | 800% | 784% | 7825 | m90% | 781%
Class2 | 7265 | 752% | 749% | 724% 9% T2,0% R Class2 | 7392 | 7642 | 760% | 7262 | 720% | 76 | 69.0%
- o
Class 3 663% | 659% 2 Class 3 667% | 6822 | 68.1% | 608 | 6642
Class 4 661% El Class 4 647% | 647% | 6435% | 647%
=}
Class 5 63,0% H Class § 6012 | 618% | 502 | 633%
Exc.Cold| — 2 |eccad — -

Table 46: Coverage from the summer building demand delivered by a solar facility with thermal HP

Summer Climatic Severities's Summer Climatic Severities's
Flat Plate + HP ETC's + HP
Coverage Factor Cl: Cl Cl: Cl: Cl
Coverage Factor Class Class Class Class Class |- g 2 Exc. Heat ol ass oo S 255 | Exe. Cold
summer [%] A B C D E Summer [%] A B C D E
£ |Exc.Heat] - 4 |Exc.Heat| —
z
2 =2
§ Class1 | 329% | 290% | 361% | 35323c | 290% | 353% | 648% i Class1 | 346% | 3i4% || 394% | 384 | 351% | 604% | 70.%
|
2 Class2 | 674% | 7092 | 6969 | 8192 2 Class 2 3% | 739% | #4256 | 7 | 811% | 152%
o
£ Class 3 919% | 852% Class 3 07% | 8372 | sq0% | e92% | 97.8%
Class 4 85,2% = Class 4 847% | 718 | 953% | 923%
£ Class 5 98.4% H Class 3 974% | 433% | ss0% | 26%
£ |eccod| — 2 |Eccad| — — |
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6.1 Number of square meters needed to cover partially
building demands.

As it was explained in the chapter dedicated to introduce the methodology followed in this
work, heating demands (where space heating and DHW are included) and cooling ones
(where DHW and cooling are included) for each location have been evaluated as well as the
potential energy to be collected from the sun. All the three curves has been compared in a
monthly base to determine for which season was the solar facility optimized (number of
collectors and tilted angle over the horizontal), covering the maximum demand in that period,
without overheating the solar plant along the year. In this way, it is clear that the solar plant
will not be able to deliver 100% of the energy demanded but it is assured that the facility will
not be over dimensioned. By obviating over-dimensioning problems, it will be avoided long
return of investment periods caused by larger investment costs.

As a limiting factor, it will be settled the maximum area covered by collectors. Supposing a
nearly flat roof, south faced collectors and Equation 29, it is determined the maximum
collector area that can be installed on the roof. Values overpassing that number will be
considered not acceptable for solar based systems. Table 47 represents the maximum
accepted surface of solar collectors for each climatic condition.

Equation 29: Distance between collector rows for determinate latitude and collector tilted angles (h=

f(a))
g h
"~ tg(61 —k)
Latitud 362 372 382 392 4n¢
S‘\\\ \ K 2.145 | 2.246 2.356 | 2.475 2.605
\
J\\\ a N \\ - i ?rfzfz; T777
777777, ///?f?/ ol ), d . L.f
TITITITIITITIT I 777 TS 77T IITTTT 7
o

/1

Figure 42: Parameter d is defined to assure the inexistence of internal shadows on the solar
plant
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Table 47: Maximum accepted solar collector area by climatic zone [m2 ]

Summer Climatic Severities's
Maximum m2
to be installed Class Class Class Class Class
Exc. Heat Exc. Cold
A E C D E
= Exc.
é Heat
E Class 1] 064,32 64,72 63,70 63,52 63,78 64,08 63,604
é Class 2| 63,85 64,32 64,62 64,19 64,23 64,46 63,93
i
i Class 3 — — 63,42 64,52 64,02 63,84 63,71
é Class 4 E i 64.03 62,83 64 34 63,06
3’: Class 3 = - 62,78 62,74 61,97 63,533
= Exc.
= Cold - - - 64,58

Intersecting solar energy production curves and building demands are obtained the following
results for the two collector types studied. Table 48 represents the amount of FP collectors
needed to cover the demand while Table 49 does it with ETC’s for the given methodology.

Table 48: Optimize Flat Plate Collector area classified by climatic zones [m2 ]

Summer Climatic Severities's
Flat Plate
[m*] Class | Class | Class Class Class
Exc. Heat Exc. Cold
A B C D E

Exc.
- Heat - ) ) } ) -
% Classz 1 839 508 237 1693 1251 947 16,38
; Clas=2 | 16,62 17,98 2221 23,94 4727 4133 30,66
- Classz 3 2753 2869 77.04 116,06 7943
5- Clasz 4 28 61 76,79 8344 2334
E Classz 3 3744 7314 139,61 106,34
i Exc.

e | — | 44403

Table 49: Optimize Evacuated Tubes Collector area classified by climatic zones

Summer Climatic Severities's
Evacuated Tubes

[m] Class | Class | Class | Class | Class
Exc. Heat Exc. Cold
A B C D E

Exc.
Heat
Clas=z 1 6,73 6,41 & 12,01 942 746 1178

Class2| 1342 1426 16,94 18,29 26,49 2256 2655

Winter Climatic Severitiex’s

Class 3 — — 18,12 19,57 3709 3213 3722
Class 4 — — — 19,09 3327 3979 4315
Class 5 — — — 20,96 3385 25,62 43,39
Exc.
— — — — — — 121,24
Cold .
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The first boundary conditions appear when comparing the limits expressed in Table 47
against the calculated collector area obtained in Table 48 and Table 49. One climatic zone
will be clearly eliminated from the study; the correspondent to excessive cold summers and
winters is not considered an acceptable place to install solar collectors for heating or cooling
purposes under the scope studied in this work. Some other zones are accepted as potential
places to install ETC and not for Flat plates. The highest efficiencies of ETC’s, caused by
their lower thermal losses, allow in a first iteration their installation in cold places (Table 50)

Table 50: Reduced number of zones where the study will be followed filtered by collector area

Summer Climatic Severities's Summer Climatic Severities's
Flat Plate Evacuated Tubes
[m?] Class Class Class Class Class [m®] Class | Class | Class | Class | Class
Exc. Heat Exc. Cold Exc. Heat Exc. Cold
A B C D E A B C D E
Exc. = Exc
- Heat £ Heat
- =
:E Class 1 | 8,38 5,08 937 1693 1231 947 1638 s Class 1| 673 641 AT 12,01 942 746 11,78
§ Class2 | 16,62 17.98 2221 23,94 47,27 41,33 30,66 = Class2| 1342 14,26 1694 1829 26,49 22,56 26,33
= - 2
k- Class 3 27,33 28,69 -] Class 3 18,12 19,57 37,09 352,13 37,22
& Class 4 28,61 E Class4] — 19,09 33,27 39,79 43,13
=3 =1
£ Class 5 3744 H Class 3 20,96 33,83 35,62 45,39
; Exc. ; Esc.
Cold Cold
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6.2 Economical parameters.Installation costs

In this subchapter it will be evaluated, from an economical point of view, payback periods of
the proposed layouts against classical heating and cooling systems widely installed in the
residential market. It is remarked by the authors, the wrong logic that remains behind the
cost evaluation of environmental improvements. Although, Return of Investment (ROI) is a
widely spread variable used to decide the installation of energy systems, this cost
parametrization doesn’t consider the benefits of ambient pollution decreases or life quality
increases, associated to the use of substitutive,and nowadays available energy generation
methods based in renewable energies.

Further evaluations have being done treating all the defined climatic zones, although there
were previously accepted zones which assure the unfeasibility of the technologies when the
classification is done in base to the maximum allowable collector area to be installed on the
100m? building roof. The corresponding zones previously eliminated are represented with
dotted cells in the following figures.Investments costs related to collectors and heat pumps,
as well as operating costs have been considered with the intention of evaluate the facilities
from an economical point of view.

6.2.1 Collectors Market: Results based on collector price variation.

The first economical parameter to be evaluated in this work has been collector prices and the
potential decreases within the following years.

Solar thermal sector in the EU, presents a semi-steady growth rate the last decades,
increasing with the additional features and type of use that the newmore advanced systems
provide, numbering about 3.05 million square meters area of installed collectors in 2013 as
relates ESTIF 2014

Figure 43 represents the evolution of the capacity installed in the last 10 years, being clearly
differentiable the maximum installation peak before 2008 where the last economic crises hit
hardly the installation of new solar thermal plants.

Solar Thermal Market in EU28 and Switzerland (glazed collectors)
kW m®

th

1500 000 =
1000 000
1000 000

0 0

2003 2004 2005 2006 2007 2008 2008 2010 2011 2p12 2013
B Germany Next top & countries (AT, ES, FR, GR, IT, PL) W Other 21 EU countries and Switzerland

1 2000000
3000 000

2000 000

Figure 43: EU+27 Solar Thermal market evolution [ESTIF]
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The majority of solar-thermal systems, which accounts for 90% of the installed capacity in
Europe, is designated for the supply of domestic hot water at single family house units, while
the remaining is equally split between systems of domestic hot water at multi-family house
units, and combi-systems for single family houses that provide both hot water and space
heating. The market portion of the abovementioned type of systems however varies among
the various countries.

In addition, a number of large scale solar thermal installations based in countries like
Denmark, Sweden, Germany and Austria are committed for supplying heat to district heating
networks. Some of them are also coupled with seasonal heat storage. In this work, the two
layouts considered for each one of the solar collectors doesn’t take into consideration any
kind of governmental economical measurement based on efficiency nor energy savings,
being the prices studied the ones that a final user should pay to get the facility working in
their places.

Figure 44 represents monetary cost for the two considered thermal collectors, avoiding the
installation costs, as a function of the solar plant size. [Henning,2012]

e Initial prices for FP collectors are around 550 €/m?. while the most economical price
ends in 200€/m?

e Initial prices for ETC’s are closed to 700€/m? while the cheapest one is near to
350€/m?.

e The ETC prices are decreasing drastically due to the massive production in Asiatic
countries. Previous prices correspond to the year 2012 when nowadays, 2014 it is
possible to find in Germany ETC systems with prices around 200€/m?. Flat plate
collectors haven’t had this drastically price fall down because they aren’t an object of
interest to be manufactured in Asia.

¢ ltis assumed by the author that installation costs of the solar plant represent a
quantity closed to 200€/m? that includes, piping, heat exchangers, pumps, and all the
needed components to let the facility run properly

800

600

specific cost in € per m?
s
=)

200

e Flat plate collector e e Evacuated tube collector

1 10 100 1000 10000
size, m?

Figure 44: Cost figures of solar thermal collectors (without installation cost) (source Delphi)
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Different prices were evaluated inside this work to test the variation of simple ROI for each
facility layout. The large amount of variables studied led the author to fix all prices and
magnitudes previously exposed and change only the studied ones to understand the
implication of those in the final economic viability of the system.

The climatic zones that would not have simple return of investment periods under the limit of
20 years will be marked as places where the solar collector price doesn’t play any economic
saving role for the studied solar facilities.

From the previously visited data, installation prices under 400€/m? for flat plate collectors will
be considered, at least nowadays, unfeasible (200€/m2 for the collector and other 200€m/?
needed for installation and needed components) and the corresponding zones will be
marked as not accepted for savings based in decreasing installation prices. For the ETC
cases, the limit will be fixed in 530€/m? (ETC costs ratio is considered 330/200 for collectors
and installation).

Table 51: FP collector prices (€/m2) installed that assure simpleROI=20 years (facilities with and
without HP)

Summer Climatic Severities's Summer Climatic Severities's

Flat Plate Flat Plate + HP
i Cla Cla: Cla Cla Cla i Cla Cla: Cla Cla: Cla
preis for Exc. Heat 5 = s . . Exe. Cold preis for Exc. Heat = = = = = Exc. Cold
ROI=20 A B C D E ROI=20 A B C D E
Exc Exc.
Heat Heat
Class 1 | 82987 | 83836 | 79360 | 49261 34348 GGG, 66 462,96 Class 1 U334 04 ) 151,35 | 113474 | 882,45 | 80128 | 92061 | 373,00

Chss2 | 578,03 | 48077 | 40261 | 38462 | 23529 | 21321 | 22024

Class3 | — 39447 | 32362 fiaBanipiEannef:enag
Classd4| — 35149 i
Class5| — 62112 |

Exc.
Cold

Class 2 | 459807 | 27070 | 52705 | ss389 | 28023 | 23508 | 260,02
Class3| — 91291 | 68392 |iNELe0: s 95781t
Class4| — a00.98 |
Class5 | — 95952 |

Exc.
Cold

Winter Climatic Severities’s
Winter Climatic Severities's

Table 51 represents the FP’s collector prices that assure a 20 years simple ROI. It is clear in
this case, how the warmest winter zones have always values over 400€/m?.

It should be noticed:

e There are seven climate zones which doesn’t contain any data. D4, D5, E4, ES5,
ExcCold4, ExcCold5 and ExcColdExcCold deliver negative price numbers as
potential prices to be economically profitable, so the results have been zeroed.

e The potential savings based on FP collector prices are higher as we moved to the top
left part of both tables.

¢ Only 10 zones from 28 are under the limit of 400€/m2. The 7 class1 winter zones, the
two warmest summer zones of winter class 2 and C5.

e The combination of the solar plant with a thermal heat pump add to the potential
saving zones B3, C2, C3 and C4.

e The combination of the solar plant with a thermal heat pump increases the savings
potentials for every climatic zone, although it still remain not accepted as potential
saving zones the ones comprised into the matrix defined by D2 and ExcColdExcCold.
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Table 52: ETC’s prices (€/m2) installed that assure simpleROI=20 years (facilities with and without HP)

Summer Climatic Severities's Summer Climatic Severities's
ETC ETC+HP
i Class Class Class Class Class i Class Class Class Class Class
preisfor ot Exc. Cold Preisfor oo thon Exc. Cold
ROI=20 A B C D E ROI=20 A E C D E
Exc. Exc
= Heat - - - = Heat
ZE Class | | 109290 | 112994 | 105263 | 740,74 | 763,36 | 91324 | 687,29 E Class | | 203286 ) 1536,83 | 1356,74 | 128197 | 119530 | 126647 | 86199
=§ Class 2 | 73185 | 66445 | 38651 | 37337 | 464,04 | 42462 | 44643 § Class 2 | 204245 | 1554,42 | 121772 | 1130,78 | 327,92 | 43943 | 303,69
k- Class3| — 641,03 | 342, BEECFL vE $0: e % k= Class3| — 134415 | 104141 3963 EIEE B Er A
£ |class4 E |cwmss| — 105097 E
=] =]
H Class 5 H Class 3 — — 137463 |
; Exc ; Exc
Cold Cold

Table 52 show the potential saving zones when ETC’s with (right matrix) and without (left
matrix) heat pumps are used. In this case the limits are placed in 530€/m?.

e As It happened for the FPcase, there are some zones which negative results are not
plotted, but for ETC cases, appear two new zones D4 and E4, not existing in FP
case.

¢ Both plots reveal feasible economic savings for the same zones that FP+HP facility
did.

e As it happened for the FP, the ETC cases also increases the saving potentials with
the use of heat pumps.

¢ Both studied ETC layouts habilitate the same “collector price” based potential saving
zones.

Table 53: Potential monetary saving zones based on collector installation prices for both FP’s and
ETC’s

Potential zones Summer Climatic Severities's

Collector price based
Clazz Clazs Claze Clazz Clazz
ROI=20yr Exc. Heat Exc. Cold
A E C D E

E=xe.
Heat
Class 1
Class 2
Claz= 3 — —
Class 4 — — —
Clasz 3 — — —

Exc.
Cold

Winter Climatic Severities’s

As a conclusion of the subchapter, Table 53 shows the zones where the decrease of
collector costs could be a tool to obtain acceptable simple ROI results. For the both studied
solar collector technologies there are coincident zones where scales economies would not
affect the ROI. (Matrix D2 to ExcColdExcCold). It is also a certain number of zones, where
flat collectors without being combined with heat pumps would not be chosen as feasible
(green coloured crossed zones B3, C2, C3 and C4).
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6.2.2 Heat Pump Market: Results based on HP price variation.

The second parameter to be studied is the Heat Pump installation costs for the two cases
where the solar facility collects energy to produce cooling.

Henning 2012, presents the specific costs [€/kW] for some cooling components, Figure 45.

1750
Thermally driven chiller

1500 == » Vapour compression chiller
e o Cooling tower
E 1250 Condensing boiler
]
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™
< 1000
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0
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Figure 45: Cost figures for other components used in the evaluation study

The need of a chiller and a cooling tower to evacuate the condensing energy along the
summer season, made necessary the sum of both cost by chilling kW installed. In this case
the limit will be placed in 900€/kW chiller installed.

The evaluation results are represented in Table 54 where Flat Plate and ETC facilities are
compared:

¢ In both cases there are a number of zones where the HP costs plays no role to obtain
quicker return of investment cost, because the resulting values became negative.

¢ In both cases ExcCold1 class needs of HP prices under 900 €/kW to reach
simpleROI=20 years.

e There are two zones where FP facilities nearly doesn’t get influenced by HP
installation prices.

o For every considered zones inside Table 54, it is easily to obtain better simple ROI’s
in combination with Flat Plates than with Evacuated Tube Collectors. The logic
behind these numbers resides in the system total efficiency increase, that is much
more important with the use of flat plate collectors for winter production. (ETC’s
efficiencies doesn’t vary much with the temperature changes while PF’s does)
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Table 54: Heat Pump prices (€/kWcooling) installed that assure simpleROI=20 years (FP and ETC'’s)

Summer Climatic Severities's Summer Climatic Severities's
Flat Plate ETC
HP price Enuc. Clazs Clazs Clazs Clazs Clazs Eve. Cold HP price Enc. Class Clazs Clazs Class Class Eue. Cold
ROI=20 Heat ) E C 1] E ROI=20 Heat ) E C u] E
Exc. - o . o o . . Exc. . - - - o . -
Heat Heat
&, |Clase 1] m5me | wons | s | wers £ |, |Class1] &5 | G35 | W555 | s
£ |omssz| amer | zzs | wins | mans E Y |omsso| amma] swar | seer | wians
O % |ohssa] — | - | wmr| s O % loassa] — | - | wws | wous
g |vese = T — | — | a5 g8 ot — T | - | msss
> Classs| --- - — | Fmzz * ClassS[| - - e T
Exc. - - . o Exc. . - - -
Cold Cald

To conclude the HP price subject, Table 55 , represent the zones where independently of the
solar technology, HP prices can help reducing the investment cost to get lower simpleROI’s.

e Plane green zones: Zones where there is economic saving potential on the HP
installation to get Lower simpleROl’s.

o Crossed green zones: C3 and C4 play only an economic role based on HP prices
when combined with ETC’s

e Plane red zones: Places where a decrease in the HP installation costs would not
allow a simpleROI period lower as 20 years.

Table 55: Potential monetary saving zones based on HP installation prices for both FP’s and ETC’s

Potential zones Summer Climatic Severities' s

HP price based
ROI=20yr

Euc. Class Class Claz= Class Class Ewuc.
Heat 'y E C ] E Coald

Enc.
Heat

Clas=1
Clas=2
Clas=3 -—= -—=

Classd| --—- --- -

Severities's

YWinter Climatic

Class5] - - -

Ene.
Cald
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6.3 Economical parameters.Operational costs

Once that the facilities were studied from two different points of view, acceptable solar areas
and installation costs, the operational costs will be pointed, evaluating the savings as
opportunity costs. The kind of solar facilities proposed save gas and electricity when
compared to typical layout facilities.

6.3.1 Fossil fuel savings: Results based on gas price variation

For the studied solar facilities, gas is the fuel that 100% drives the comparative system
during the heating season, and acts as backup from the solar system to cover the building
heating and cooling demands when there is not enough solar radiation.

As it has been described previously, in the building description chapter, for most of the
studied climates, there is a prevalence of the heating demands over the cooling ones, what
makes gas savings particularly important to give viability to the proposed installations.

Gas prices 2009
c/€ per kWh
<50
51-75
"I 75-100
| Rl =

P
eland
[

Figure 46: Gas prices around Europe 2009 [SC+ project]

Gas prices are constantly rising, and since the publication of Figure 46. The last available
data from Eurostat before finishing this work, year 2013 denotes a yearly price increase of
4.6% since 2009. Figure 47 represents the actual European averaged natural gas prices with
taxes and their evolution while Figure 48 represents in a graphical way the share of taxes
and levies in the final gas price organized by countries. Table 56 contains the numerical
values [93].
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Figure 47: EU-28 & EA natural gas prices evolution (household consumers, 2013s2 [EUR/kWh]
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Figure 48: Average gas price for households per 100kWh in 2" half of 2013, in euro

The last available gas prices published by Eurostat, 0.079€/kWhg,s, serves us as limit to
compare if each classified zone are in a “potential” saving situation and the role of the gas
prices in the potential savings. Table 57 and Table 58 contain the gas prices, ordered by
climatic zones, which assure a simple ROI of 20 years. In both cases the results for the HP
based system are placed on the right matrix.

Page 116 of 223



Combination between building and solar system

Table 56: Natural gas - share of taxes and levies paid by household consumers, 2013s2 (%)

Other taxes
Basic price  and levies VAT All tam.es
and levies
(excl. VAT)
in EUR per KWh

BE 0.052 0.003 0.012 21.71%
BG 0.043 0.000 0.005 16.60%
CcZ 0.042 0.000 0.010 17.39%
DK 0.0459 0.040 0.022 55 38%
DE 0.052 0.008 0.011 24 B7TY%
EE 0.037 0.002 0.003 21.43%
IE 0.060 0.004 0.009 17.04%
EL 0.073 0.006 0.010 18.02%
ES 0.071 0.002 0.018 19.96%
FR 0.061 0.002 0.011 16.87%
HR 0.037 0.000 0.009 20.09%
IT 0.062 0.017 0.018 34 35%
LV 0.040 0.002 0.009 20.83%
LT 0.051 0.000 0.011 17.43%
LU 0.051 0.002 0.004 10.25%
HU 0.033 0.000 0.009 21.19%
HL 0.051 0.019 0.015 40.19%
AT 0.055 0.007 0.013 25.73%
PL 0.041 0.000 0.010 18.66%
PT 0.072 0.004 0.017 22.51%
RO 0.018 0.009 0.005 47 .55%
Sl 0.050 0.005 0.012 25.23%
SK 0.043 0.000 0.009 16.57%
Fl : : : :
SE 0.063 0.030 0.025 44 69%
UK 0.055 0.000 0.003 4. 76%
MK } } } }
TR X X X :
BA 0.041 0.004 0.003 21.62%
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From the comparison of the four matrixes, it can be realized:

¢ Climates positioned on the bottom right part of the matrixes give prevalence to the
ETC’s against FP’s, although the resulting gas comparative prices are so elevated
that in practice does not give allowable economical potentials. (It should be noticed
that the gas prices increased an average of 3.44% yearly in the last 7 years, what
means a round price about 0.098€/kWh natural gas in 2020)

o Flat collector systems, in both configurations, are more sensible to a decrease of the
gas prices in zones where cooling is the load with priority. (Summer classifications
ExcHeat 1 and 2, A1, A2 and B1)(left position of the red line plotted over Table 56
and Table 58)

e Evacuated tube collector systems, (with and without HP) are in all the other climates,
easily to be an economical investment (right position of the red line, Table 56 and
Table 58)

¢ No facility without Heat Pump reaches the 20 years simpleROI limit when gas prices
are the unique controlled element. Only Exc.Heat1, A1 and B1 zones would be
profitable in 2020 from the gas price point of view.

e As it has happened in previous studies along this work, the matrix defined by D2 as
inferior limit and ExcCold, ExcCold is not affected in terms of gas price decrease to
obtain acceptable simple ROI's. (Gas prices needed in that zones duplicate the price
forecast for 2020, what means with a linear extrapolation of the prices, that until 2040
will not be a configuration able to do it profitable zone D1 with ETC’s & HP when only
the gas price is considered as studied variable)

¢ Heat pump facilities are in the economical profitable zones since now for locations
placed on the left side of the blue line plotted over HP matrixes of Table 56 and Table
58 plus C5 locations

e Heat pump facilities combined with ETC have more possibilities of being profitable
than the FP ones in every case where heating is the prevalent demand.

Table 57: Gas Prices in cent€ that assure a simpleROI of 20 years for facilities installed with FP
collectors

Summer Climatic Severities's Summer Climatic Severities's
Flat Plate Flat Plate + HP
zas prices Exe. Class Class Class Cl. Class Eue. Cold gas prices Exc. Class Class Class y}e{s —
ROI=20 Heat A B C 0 E ) RO=20 Heat A B C 1] E )
Exe. Exe.
Heat T T - - - - - Heat
g, |ce=1] g | s s wer | mar | msr | se g, |oe=t| 2w | ass faer | i | aw | rwr | ma
£ |oass2| e Vs | nes | w5 |z | o | suss £8 |oassz| 288 Dsw | nswd ss5 | o5o0 | mmss | 5w
S % [cass < | - | s | oo | azis | smmw | o S % lcesss] < | - Law | wer | sasr | snar | o
g |oesd] = 1 — | — | w5 | sass | wior | ssor g8 [o=dl — | - | w | darr | quer | e
> Class5| --- - - s | ense | sew | mas * ClassS[| - --- -—- x| wqzr | v | sz
Exc. - Enc. -
ol et ot / ok
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Table 58: Gas Prices in cent€ that assure a simpleROI of 20 years for facilities installed with ET

collectors
Summer Climatic Severities's Summer Climatic Severities's
ETC ETC+HP
gas prices Enc. Class Clazs Clazs Class Class Enc. gas prices Enc. Class Clazs Clazs Class Cla; Euc.
ROI=20 Heat & B C u] )‘: Cold ROI=20 Heat & B C u] / Cold
Exc. o - - - . L - Exc. o - - - - o -
Heat Heat
.% " Clazs 1] S5 £53 3551 us 357 B3 HEF .% " Class 1] #£8F | &35 [ B F57
E & |Class2] 23 | Bmapq- map | mas | Siss | 23ss | oamar E & |Classz] 28 ST LaF W ez
S loesss] - V- | e | sw | me | 2| &5 S % |oesss] - L= | aseq 3% | %
g8 o= | — 1 — | oo | o | o | sum g8 o=l = | — L= | 57 | 55w
F o otesss] - ] - | - | s | s o foeess] - ] A - | w2 | =
Exc. Exc.
Caold T - - - _“ T Caold e - - T

To conclude the study about the influence of natural gas prices on the economic feasibility of
the proposed solar thermal facilities, it has been created Table 59, where it is denoted:

e Green cells: Climatic zones where HP based facilities obtain advantage of the natural
gas prices to get simpleROI’s lower as 20 years.

e Green cells with a single diagonal line: Zones where solar facilities without HP
installed is closed to 20 years simpleROl in a next future.(Prices around
0.1€/kWhgas)

e Crossed green cells: zones where HP +FPC’s doesn’t reach a minimum simpleROI
value with the actual gas price increases in at least 10 years.

o Red cells: Places where gas prices does not play any role to quickly reach acceptable
payback periods.

Table 59 Potential monetary saving zones based on natural gas prices for all the studied facilities

Potential zones Summer Climatic Severities's

Gas price based Clazz Clazz Clazz Class Class
ROI=20yr Exc. Heat Eue. Cold

Ewec.
Heat

Clas=z1 - - -
Classz 2
Clasz 3 -—= -—

Severities's

Classd] --- - -

YWinter Climatic

Class5] -

Exc.
Cold
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6.3.2 Electrical savings: Results based on electricity price variation

Electricity savings for the studied facilities are due to the driven energy not used by the
electrical chillers to cover building cooling demands. It is clearly understandable that will be
only considered for the solar facilities installed in combination with thermal heat pumps with
the ability of working in dual heat pump/chiller mode.

Electricity prices 2009
CI€ per kWh
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Figure 50: EU-28 & EA electricity prices evolution (household consumers, 2013s2 [EUR/kWAh]

In the same mode, that it has being commented previously for natural gas, electricity prices
have been growing constantly around a 4.14% yearly for the last years. Price variations were
more stable than for natural gas, there were fewer oscillations. Figure 50 represents the
actual European averaged electrical prices with taxes, levies and network costs, while Figure
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48 represent in a graphical way the share of the previously mentioned components in the
final electrical price organized by countries. Table 61 contains the numerical values [93].
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Figure 51: Average electricity price for households per 100kWh in 2" half of 2013, in euro

The last available electricity prices published by Eurostat, 0.213€/kWhg., serves us as limit
to compare if each classified zone are in a “potential” saving situation and the role of the
electricity prices in the potential savings. Table 60 contains the electricity prices, ordered by
climatic zones, which assure a simple ROI of 20 years.

Table 60: Electricity prices in cent€ that assure a simpleROI of 20 years for HP based solar facilities

Summer Climatic Severities's Summer Climatic Severities’s

Flat Plate = HP ETC + HP
elect. prices Enc. Class Class Class Clazs Clazs elect. prices Enc. Clazs Class Class Class Class Enc.
Exc. Cald
ROl=20 Heat & B C ] E ROI=20 Heat & B C ] E Cold

Exc. - o o - - - - Exc. - - o o L - -
Heat Heat

e R T 7 I D g, |oes| mar | was | me | ane | war | s -

£ foessz) am | s | wo | wsw £ foesszl msm | 355 | w | was | — | — | —

O % [Cass3] — | - | war | wax 0% fCass3] — | - Jwer | ws| — | — | —
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Exc.
Cald

For this particular variable, both matrixes reveals similar results in terms of electricity prices
needed to obtain simpleROI of 20 years., with greater savings in zones where summer
season is warmer, as it should be logical to think. (This installation is only used from May to
September)

It is clearly seen how, again, in zones belonging to the matrix D2 to ExcColdExcCold the
variation of electrical prices doesn’t play any role in the profit-earning capacity of the facility.
That result is understood from the idea of how low is the cooling demand of the building in all
that zones. This explanation is represented in Table 62
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Table 61: Disaggregated price data for household consumers 2013s2 (EUR/kWh)

Composition of the electricity prices for household Share in price without taxes
consumers (in € perkWWh) and levies (in %)

Total Energy and Taxes and Energy and

s su?}];;ly Network costs levies su?}];;ly Network costs
Belgium 0.222 0.071 0.083 0.057 43.21% 56.79%
Bulgaria 0.088 0.044 0.029 0.015 60.00% 40.00%
Czech Republic 0.149 0.044 0.078 0.027 36.14% 63.86%
Denmark 0.294 0.048 0.077 0.169 38.67% 61.33%
Germany 0.292 0.087 0.062 0.143 58.16% 41.84%
Estonia 0.137 0.048 0.053 0.036 47.57% 52.43%
Ireland 0.241 0.125 0.078 0.038 61.52% 38.48%
Greece 0170 0.093 0.027 0.050 T7.79% 22.21%
Spain 0.208 0.130 0.033 0.044 79.72% 20.28%
France 0.159 0.058 0.052 0.049 52.87% 47.13%
Croatia 0.135 0.063 0.043 0.029 59.53% 40.47%
Italy 0.232 0.108 0.044 n.082 70.89% 29.1%
Cyprus 0.248 0.185 0.037 0.045 81.56% 18.44%
Latvia 0.136 0.058 0.056 0.024 49.73% 50.27%
Lithuania 0.139 0.04% 0.066 0.024 42.87% 57.13%
Luxembourg 0.165 0.070 0.073 n.022 43.85% 51.15%
Hungary 0.133 0.058 0.044 0.031 56.53% 43.47%
Malta 070 0.140 0.022 0.009 86.38% 13.62%
Netherlands 0.152 0.078 0.081 0.054 55.43% 44.57%
Austria 0.202 0.078 0.060 0.088 55.65% 44.35%
Poland 0.144 0.059 0.054 0.032 52.2T% 47.73%
Partugal 0.213 0.073 0.051 0.089 58.65% 41.35%
Romania 0.128 0.037 0.053 0.038 40.85% 59.15%
Slovenia 0.166 0.061 0.056 0.048 52.04% 47 .96%
Slovakia 0.168 0.063 0.073 0.031 45.34% 53.66%
Finland 0.156 0.060 0.048 0.047 55.47% 44 53%
Sweden 0.205 0.057 0.076 0.073 42 77% 57.23%
United Kingdom 0.180 0.135 0.036 0.009 78.97% 21.03%
Iceland 0.107 0.063 0.022 0.023 74.59% 25.41%
Norway 0.178 0.052 0.076 0.050 40.81% 59.19%
Montenegro 0.105 0.040 0.046 0.020 46.85% 53.15%
FYROM 0.078 : : : : :
Serbia 0.061 0.018 0.032 0.011 36.18% 63.82%
Turkey : : : : : :
Albania 0.115 : : : : :
Bosnia and Herzegovina 0.030 0.035 0.033 0012 51.91% 43 09%

Table 62 Potential monetary saving zones based on electricity prices for HP based facilities

Potential zones Summer Climatic Severities's

electricity price based

ROI=20yr Enc. Class Class Class Clazs Clazs Enc.

Heat I =] C n] E Cald

Euc.
Heat

Class1
Clas:z 2
Clasz 3] - -—
Claszd] - -— -—

Severities's

YWinter Climatic

Class5| - - -

Enc.
Cald
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6.4 Feasibility study of each climatic zones based on the
facility layout

A combination of all the results obtained after evaluating the maximum allowable solar
collector area able to be installed on a 100m? house roof, and prices associated to
investment and operational cost will represent along this subchapter the feasibility of each
one of the four layouts studied. Figure 52 join the conclusions obtained from 6.1, 6.2 and 6.3.

Fotential 2ones Summer Climaiic Severies's Potertial 7ones Summer Climarlc Sevendes's
Collecter price bascd - —_ AP price based
RO=200 P | G | s | G | Ches | Che ) L ':n":f_ a3 Fre | Claes | Claws | Class | Clazs | Clws | Enc.
A 3 c o E =i Heazt n B I o E 12nld
_:—"‘“ = i Eic. s i g
_E (Lt =z
T |Om! g, [Tt
&[G =
-E 1 -og
R © % Qs3] -
] T 4 H
I Edle=sl =1 -1 -
i |Gy F o |Qesmt
a Eze
= o . - - Eac.
. i
Potential zones Summers Climatic Severities's Potential zones Summer Climatic Severities’s
G“:gl‘.‘;;:“" lom rad o | Clsss | s | s | Cms [ e'm"z;‘f;':e based o Ciase | Cass | sz | sz | Giame |
) A B [ 0 E B Heat A B C 1] E Celd
Exe. . o . . . . . B,
Heat Heat
o R el el 2, [z
£ % [oess2 B8 |oas2
O % [Class3] - o ‘,:. Class 3] -
£ E |oussa] — £ & |osse] —
2 oess| — 3 oass| —
Ene. . L . . L . B,
Cold Cold

Figure 52: Combined result of Table 53, Table 55, Table 59and Table 62

The use of the same colours facilitates the task of combining all five results (dotted zones are
the results from 6.1). The combination mainly show that the climatic zones belonging to the
matrix defined from D2 to ExcCol,ExcCold zone represent places where no one of the
studied variables separately makes feasible a profitable investment to obtain simpleROI’s of
20 years. Moreover, the matrix defined from D3 to ExcColExcCold discard any solar thermal
solution due to the physical impossibility of installing the necessary collector surface on the
building roof.

Following pages describe the evolution of the studied parameters climate zone by climate
zone, creating a resume of the European potentialities by climatic location with the use of
similar curves to the ones represented in Figure 53.

As it can be appreciated in the example, Figure 53, both profiles corresponding to investment
costs keep a linear behavior (collector and HP prices) while operational costs are perfectly
fitted by potential curves.

Collector curves : simpleROI=a*price
HP curves: simpleROI=b*price+c

Gas curves: simple ROI=d*(price)”
Electricity curves: simpleROI=e*(price)”
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Figure 53: Example of the results obtained for a determinate climatic zone.

For every plot that will appear to the end of the chapter, it has been used identical structure,
colours and nomenclature.

Diagram Structure:

e On the left axis are represented the prices for the solar collectors[€/™] and Heat
pumps [€/kWcold]
On the right axis are the gas and electricity prices [€/kWh].

e Horizontal axis represents the simple return of investment periods [y].

Nomenclature: For every line drawn in the graphics, the name begins with the
technological definition among parenthesis, followed by the parameter studied

(FP) correspond to solar flat collector facilities without HP

(FP+HP) correspond to solar FP collectors combined with HP

(ETC) correspond to solar evacuated tube facilities without HP
(ETC+HP) correspond to solar ETC’s combined with HP

FP price: Flat plate price variation from 700 to a minimum of 400€/m2
ETC price: ETC price variation from 1000 to a minimum of 500€/m2

HP price: HP price variation from 900 to a minimum of 700€/m2

Gas price: Gas price variation from 0.1 to a maximum of 0.3€/kWh
Electricity price: Gas price variation from 0.15 to a maximum of 0.3€/kWh

O 0O O O OO O 0 O0

Optimal zones:

Blue vertical rectangle: simpleROI result for FP+HP layouts
Red vertical rectangle: simpleROI result for ETC+HP layouts
Violet vertical rectangle: singleROI result for FP layouts
Orange vertical rectangle: singleROI result for ETC layouts

O O O O
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Furthermore, in order to support the evaluation of future or market evolution and the decision
of introducing public helps that promote the potential business opportunities, it is studied for
every climatic zone, the effect that produces a price variation on the consumed fossil
energies, or for the systems used in the facility, the economic viability of proposed layouts.

To evaluate this potential, it has been derived respect to the price, the ROl/price curves
expressed at the beginning of this chapter, and the results were treated to allow a
comparison between dimensionless magnitudes that express the influence of each one of
the parameters in the final economical return period. The effect of price variations on the final
ROI will be constant for the components integrated in the initial facility cost, as the collectors,
sorption heat pumps and adjacent components needed for the installation (linear relation
between simpleROI and prices) , but time variable when the studied parameters are both
electrical and gas prices. For this last case, it has been studied the derivative values in four
different time positions correspondent to simpleROI’s twenty, fifteen, ten and five years, as
representing values in the interval where a solar TDHP could be potentially installed.

6.4.1 Solar installations without HP:

For the case of solar thermal facilities where there is no heat pump introduced into the
generation loop, there are only two variables to compare for each one of the collectors type.
The installation costs of the solar platform and the saved gas prices. Table 63 represents the
maximum savings that could be done as a function of the decrease on the collector price
from 700 to 400 €/m? flat plate collector or 1000 to 500 €/m? in the Evacuate tube case, while
Table 64 represents the same maximum decrease in years for the return of investment, but
applied in four different points, 20, 15, 10 and 5 years.

From the combination of both, it can be seen that the importance of the parameters depends
on the initial ROI point considered:

e In the coldest European classes, contained into the group limited by D2 and
Exc.Cold, Exc.Cold, the price of the collectors is the most important factor to
decrease backup period for any ROl initial point.

e As far as the climates are warmer, the importance of the collector price is overpassed
by gas prices with initial ROI’s:
o Around 15 years for those climates comprised in zone C2 to C4.
o Around 10 years for A2, B2 and B2
o And around to 5 years in the places with the warmest winter periods

Table 63: Number of potential years to be saved in ROl terms when the collector price varies into their
interval for solar thermal facilities (Flat Plate and ETC)

. Summer Climatic Severities's R Summer Climatic Severities's
Flat Plate price ETC Price
Effect vears Exc Class | Class | Class Class | Class Effect years Exc Class Class | Class | Class | Class
g : [Exc. Cold| d T [Exc. Cold|
400-700 €/m2 | Heat A B c D E 500-1000 €/kwh Heat A B c D E

= Exc. = Exc.

2 Heat 5 Heat

] Class 1 722 6,98 757 12,18 11,05 92.01 12,96 K] Class 1 9,13 883 250 13,52 JEL] 10,93 14,53
3 Class2| 1039 | 1247 | 1295 | 15359 | 255 28,1 7.13 2 Class2| 1331 | 1506 | 1706 | 1735 | 2055 | 2355 | 2241
o - o

g Class 3 — — 15,22 18,36 40,28 g Class 3 — — 15,63 18,44 30,13 35,72 26,95
'; Class 4 — — — 17,06 48,975 ,‘—E Class 4 — — — 17,07 27,36 27,26 30,76
3] o

F Class 5 — — — 9,65 B Class 5 — — — 10,15 — 30,75 35,51
= Exc. = Exc.

| ca B || — b
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Table 64: Number of potential years to be saved in ROI terms when the gas price varies into its
interval for solar thermal facilities (FP and ETC) (Applied when ROI’s around 20, 15, 10 and 5 years)

~ Summer Climatic Severities's ~ Summer Climatic Severities's
Gas Price FP Gas Price ETC
Effectyears20 | oo | Class | Class | Class | Class | Class | Effectyears20 | o | Class | Class | Class | Class | Class |
0,1-0,3 £/kWh A B C D E 0,1-0,3 £/kWh A B C D E
Esc. ~ . - - - _ = Esc. . _ . ~ .
Heat ; Heat
Class 1 | 47,512 28,146 E |ctass 1| 438020 | 45,3232 | 42,030 | 295770 | 30,5222 | 365781 | 27,5387
Class 2 32992 21,991 § Class 2| 30,0513 | 263325 | 23,4432 | 23,0508 | 18,3389 | 169866 | 17,8480
<
Class 3 — 18,480 z Class 3 — - 23,6074 | 21,6979 | 13,2747 | 11,1991 | 14,8406
Class 4 — — — 20,093 = Class 4 14,6207 | 14,6746 | 13,0050
i‘: Class 5 - - — 33,330 ; Class 3 — - - 39,4030 — 13,0066 | 11,2643
& Exc £ Exc 5
£ Cold ~ £ Cold | ~ ~ B
B Summer Climatic Severities's N Summer Climatic Severities's
Gas Price FP Gas Price ETC
Effectyears 15 | o | Class | Class | Class | Class | Class | Effectyears 15 | pp | Class | Class | Class | Class | Class |
0,1-0,3 £/kWh A B C D E 0,1-0,3 £/kWh A B C D E
= Esc. ~ . - - . . = Esc. . _ B _ .
_;E Heat ; Heat
B Class 1) 32664 | 33,782 | 31138 21,331 | 26173 | 18,185 ® Class 1| 36114 | 31160 | 25946 | 20,33 23,147 | 18933
:E Class2) 22682 | 18905 | 15763 9219 8,688 E Class2| 20660 | 18255 | 16117 | 15847 | 12739 | 11678 | 12270
o - - o
Class 3 — . 15,488 BpL % Class 3 — - 17,605 | 14917 9,126 7,699 10,203
Class 4 — — — 3 = Class 4 — — — 16106 | 10,052 | 10,089 5,941
F Class 3 = b H Class 5| — . 27.090 5,942 7,744
H Exc. H Exc. g
= Cold ~ ” ” z Cold | ~ ~ B
Summer Climatic Severities's Summer Climatic Severities's
Gas Price FP Gas Price ETC
Effectyears 10|, o | Class | Class | Class | Class | Class | . Effectyears10 [ o | Class | Class | Class | Class | Class | .
0,1-0,3 €/kWh A B C D E 0,1-0,3 £/kWh A B C D E
Exc B Exc
Heat 7” 7” 7” B B B 5 Heat 7” B - B B
Class 1| 17,817 | 18426 | 16995 | 10535 | 11,635 | 14277 9,919 T Class 1 | 16426 | 16996 | 13,789 | 11,091 11442 | 13,717 | 10,327
Class2) 12,372 | 10,312 8,398 8247 5,039 4,367 4,739 E Class 2| 11269 9957 8,791 8,644 6,960 6,370 6,693
o
Class 3 — — 8448 6,930 g Class 3 — — 2,603 8,137 4978 4,200 3,363
Class 4 — - — = Class 4 — — — 8,783 5483 3,303 4877
=
i‘: Class 5 — o — 13324 g Class 5 — - — 14776 — 4877 424
| oo 8 e T
£ Cold = z Cold = & - [EES
& Summer Climatic Severities's 8 Summer Climatic Severities's
Gas Price FP Gas Price ETC
Effectyears 5 [ | Class | Class | Class | Class | Class | Effectyears5 [ | Class | Class | Class | Class | Class |
0,1-0,3 €/kwh A B C D E 0,1-0,3 €/kWh A B C D E
- Exc - Eic
2 Heat — _ ~ H Heat ~ ~ ~ ~
s Class 1| 2969 3,071 2,833 E Class 1 | 27376 | 28327 | 26314 | 18486 | 19070 | 22861 1,7212
:E. Class 2| 2082 1719 1433 E Class2| 18782 | 16393 | 14632 | 14407 | 11599 | 10617 | 11133
o o
Class 3 - - 1408 ‘E‘ Class 3 — - 16005 0.5297 0.6999 09273
Class 4 — - — E Class 4 — — — 14642 | 09138 | 09172 | 08128
Class 3 — . — i‘j Class 3 — - — 24627 — 08129 | 07040
£ Exc £ Exc R
= Cold 2 = Cold _ _ |
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6.4.2 Solar installations with HP:

For the Heat Pump layout cases, the number of parameters to be compared is four, relating
the initial collector and Heat pump costs, with the substituted energy prices, gas and
electricity.

Table 65 and Table 67 correspond to flat plate and evacuate tubes based facilities
respectively, while the gas and electricity costs are represented in Table 66 and Table 68.

From a first overview on the flat plate and ETC case, it is seen that, electricity prices are
absolutely indifferent for the coldest cases explained in the first point of 0 due to the low
cooling demands existing in those places, and in the same way, the second less important
factor is the price of the sorption machine, that would be nearly never used as chiller and
only in some limited times working in heat pump mode

For both Flat plate and Evacuate tubes Heat pump case, it can be said:

e In the coldest European classes, contained into the group limited by D2 and
Exc.Cold, Exc.Cold, the price of the collectors is the most important factor to
decrease backup period for any ROI initial point, followed by the gas, sorption heat
pump and the electrical prices.

e As far as the climates are warmer, the importance of the collector price is overpassed
by gas and electrical prices (in this order), and always being the price of the machine
the less important variable.

¢ In the warmest zones, labeled with winter severity 1, the price of the sorption machine
becomes more important than gas and electrical prices when the ROI's are between
5 and 10 years, due to the high cooling demand and machine’s size. Gas and
electrical price change only the order of importance for the cases: Exc.Heat 1 and 2,
and A2.

Table 65: Number of potential years to be saved in ROl terms when the collector price and the
sorption price varies into their interval for Flat plate solar thermal facilities with heat pump

Summer Climatic Severities's . . Summer Climatic Severities's
Flat Plate Price (HP| Machine Price (Fp)
Effect vears Exc Class | Class | Class | Class | Class Effect years Exc. Class | Class | Class | Class | Class
y ) [Exc. Cold) - [Exc. Cold]

400700 €/m2 | Heat | 4 B c D E 700-000 €/kwh| Heat | a4 B c D E
. | Exc = | Exc
3 Heat 2 Heat
£ ]
] Class 1 | 2,59 2,92 325 472 4,83 4,37 6,53 5 Class1| 151 196 172 137 1,58 1,46 153
:E Class 2| 3,04 4,06 3,23 35,01 17,34 21,08 18,33 E Class 2 0,84 0,96 1,10 0.94 0,84 0,77 077
é Class 3 — — 3,37 6,75 k-] Class 3 £ e 0.81 1,02 |Z [ 1 3
El Class4| — — — 6,05 E Class 4| - — — 0,94 |iieding gz
o 3] bl
5 Class 5 — — - 3,26 El Class 5 — — — 071 — RUEE
2 2
£ Exc® A Exc.
= Cold = Cold
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Table 66: Number of potential years to be saved in ROl terms when the gas and electrical price vary
into their interval for FP with Heat pump (Applied when ROI’s around 20, 15, 10 and 5 years)

R Summer Climatic Severities's
Gas Price FP (HP) o =
. Summer Climatic Severities's
Effectyears20 |, o, | Class | Class | Class | Class | Class [ Electricity Pr. FP (HP)
0,1-0,2 €/kWh g A B c D E ) Effect vears 20 Exc. Heat Class Class Class Class Class Exc. Cold
o Exc. 0,15-0,3 €/kwh A B C D E
; Heat = ~ - = ~ ~ ~ - Exc
T |ctass1| w571 | 34765 | 36139 22,540 H Heat ~
& |Class 2 [N60266)| 20067 | 27,324 13,076 5 |Class 1 | 29800 ) 15,106 | 15891 | 16051
€ [cmsss| — 39,193 & |class2| 35080 | 2611 | 25730
.. ; =
Class 4| — 22805 2 |coass3]| - 17,600 | 12,303
Class 3 == S . 41,875 Class 4 — — 11588
Exc i Class 5| - — — 13,207
cold | T - - - 2 Exc.
3 Cold ~
R Summer Climatic Severities's
Gas Price FP (HP) o Summer Climatic Severitles's
Effectyears 15 [, | Class | Class | Class | ctass | ctass | Electricity, Pr-FP: 11zl
0,1-0,3 €/kWh A N ¢ o N Effectvears 15 [p ;| Class | Class | Class | Class | Class |
- Exc. 0,15-0,3 €/kwWh A B C D E
3 e | T Exc.
T Heat - ~ ~
5 |Class1| 35423 | 23466 | 24302
== T
& |cmss 2| 4501 | 26999 | 15380 Class | |NENEE 12,229 A3
-3 2 10,02
2 Taesl - B Class 2 || 22,464 | 16,016 10,029
= |cass4] — Class3| — 530
5 |Classs| — Class 4 7.824
H —~ 5 |Csss| — 10,188
= cotd | - - g Exc B B
Cold

R Summer Climatic Severities's
Gas Price FP (HP) Summer Climatic Severities's

= = S o = Electricity Pr. FP (HP)
g ass ass ass ass ass
Effectyears 10 | 12 Exc. Cold Effect years 10 Class | Class | Class | Class | Class
0,1-0,3 €/kWh A B C D E S, Exc. Heat| [Exc. Cold|
o 0,15-0,3 £/kwh A B C D E
£ = = - E Heat
- Class 1| 16,133 12,167 | 12,643 9,398 11,170 8,034 = - -
= o Class 1| 2214 6,333 4,806 3,286 2,674
= Class 2 25996 13,830 9,434 3,134 5 =
= E Class 2 [P 868 8427 0,011 0,001 0,034
= Class 3 — - 11526 7448 (43T 2
- S i1 Class 3 ==
2 Class -l —_ —_— — ﬁ':Uﬂ_‘ 13283 Class 4 —
i Class 3| — 13,106 L Class5| —
& Exc H
E Cold = s =
Cold

. Summer Climatic Severities's Summer Climatic Severities's
Gas Price FP (HP) Electricity Pr. FP (HP)

Effectyears 5 | 45.,,| Class | Class | Class | Class | Class | o Effect vears 5 |, Class | Class | Class | Class | Class |
0,1-0,3 €/kwh A B C D E 0,15-0,3 €/kwh S A o g 2 & Exc. Cold
= Exc - Exc.

:“g Heat Heat = e =l " =

3;' Class1) 0845 | 0565 | 0595 | 0633 Class 1 | 0860 | 0476 | o305 | o459 | 0347 | 0325 | oiaze
f Class2| 0830 | 0662 | 0919 | 0392 Class2 |0 a2m | 0828 | o3ss | o421 | oooo | ooo0 | o000
2 |class3] — 0479 Class3| — 0505 | o354 [igooni] e one

Class4| — 0,397 Class 4 - 0.297

}g‘ Class 5] — 1722 b |omsss| — 0,149

4 Exc. E -

B =N I N R - Jaad | 2 [ N .

Table 67: Number of potential years to be saved in ROl terms when the collector price and the
sorption price varies into their interval for ETC solar thermal facilities with heat pump

ETC Price (9) Summer Climatic Severities's Machine Price (e1c Summer Climatic Severities's
Effect years Exc Class Class Class Class Class Exc. Coud Effect years Exc. Class Class Class Class Class
500-1000 €/kwh{ Heat | 4 B c D E i 700000 €/kwh| Heat | A B c D N
= Esc - Exc.
-E Heat — — — _ _ — _ E Heat - - - - B - -
5 Class 1 |13,28 3,69 4,03 5,64 5,41 7,82 5 Class 1| 146 1,88 1,64 1,31 1,44 1,40
% cus:| 9w 5,12 6,23 . 1525 | 1861 | 1628 2 [cusz| oar 0,92 1,06 0,92 0,87 0,81
£ [cms3| — 6,03 735 | 2193 | 3068 | 1965 2 [cms3| — 0,83 1,04 0,58 0,36
Class4| — 750 | 1971 | 1683 | 2182 £ fcmsa| — 0,94 0,62 0,80
Classs| — 6,07 2504 | 2641 5 fcmss[ = 075 0,38
Exc . - - . . E Exc. . . . . . .
Cold Cold
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Table 68: Number of potential years to be saved in ROl terms when the gas and electrical price vary
into their interval for ETC’s with Heat pump (Applied when ROI’s around 20, 15, 10 and 5 years)

Summer Climatic Severities's N o
Gas Price ETC (HP) Summer Climatic Severities's

Electricity Pr. ETC[HP|
Effectyears 20 | o | ©lass | Class | Class | Class | Class | Effect years 20 Class | Class | Class | Class | Class
0.1:0,3 €/kwh = s < D E oasozemawn | 4 B c D g
= Exc —T= -
E Heat - "7 B 7" ——— 7” - _: g - - - - - - -
E [ Class 1 [ 0572 | 33,4280 | 34,5960 27,5465 | 33.2649 | 229570 £ =
= ass 2 § i = 5 e T |cass 1 25,2208 15,0230 | 18,8934 | 16,3462
= 2 26 731 26,333 7363 55
2 |otass o |i5aa058 ] 67687 | 26 7306 | 263539 | 17,5653 | 162655 | 17,2225 & oo faonal 250 | 650 [ 017 T
E] N = <
2 Joasss| — — | zw6031 134436 | 118482 | 144574 2 sl - | 1oa00z | oo 000
e T 14,4566 | 13,8908 | 12,6888 £ [t = — | oo 08115
= 5 5 15
H Class 5| — 13,5228 19,79?‘ r Class5| — 154539 0,0001
z — — ]
— - - — — — 2 = Exc
= Cold el = cod | T = &
Summer Climatic Severities's 5 T
Gas Price ETC (HP} Ele:‘tr’icity pr. ETC(HA) ummer Climatic Severities's
Effectyears 15 | o | Class | Class | Class | Class | Class | Effect years 15 Class | Class | Class | Class | Class
- g ' [Exc. Heat| [Exc. Cold|
0.1-0.3 €/kwh A B £ D L 0,1-0,3 €/kwh A B [ D E
Exc. o . - . . — - ) Exc
Heat -§ Heat "— "— B - B
Class 1| 20,893 | 22573 | 23,108 18,382 | 22514 | 13,559 E [ Class 1 [DI0E 10521 5t
Class 2 | 33,087 | 24704 | 17983 11,993 | 41,057 | 11,771 E |Cass2| 2002 5024 | 0238
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6.5 Feasibility study of each climatic zone based on
economical parameters
6.5.1 Zone ExcHeat1
1000,00 T | A 3 e AR SRR 0,35
s Natural gas and
=) 4 electricity
§ prices[€/kWh]
; 900,00 e
w,
g
g 0,25
o
o 800,00
£
&
= 0,20
g [FP') FP price
.E F00,00 = = (ETC) ETC price
,.',2‘ - lectriqity 8,15 0,15 [FP+HP) price FP
E [ETC+HP) price ETC
w,
g 600,00 — (FP+HP) HP price
E ____________ e _ai_ﬂ_lﬂ_ 0,10 - [ETC+HP) HP price
-
‘5 [FP) Gas price
E 500,00 [ETC) Gas price
S L 0,05 (FP+HP) Gas price
8 ] | - (ETC+HP) Gas price
& ElE & | L& | ——— (FP+HP) electricity price
400,00 0,00 el ;
6,00 800 10,00 12,00 14,00 16,00 18,00 2000 (ETC+HP) electricity price
Return of investment [y]
Latitude Altitude CDD HDD Fadiation | Winterload | Swmmerload Latent FP ETC
[l [m] [K/d] [Kd] [kWh/m2y] (kWh/y] [(kWh/y] e m2] | [m2]
372 44 8 32919 | 17254 | 175697 -766,81 129294 5101.32 858 6.74
kP ETC FP+HP ETC+HP
Winter Coverage 78.71% 81.11% 82.03% 82.49%
Summer Coverage 32.88% 34.57%
SimpleROI 16.84v 18.26v 12.84v 13.13v

5 Studied locations in 2 different countries: Sevilla (SP), Adana, Icel, Iskenderun, Izmir (TR)

The warmest climate zone in Europe has solar potential to obtain economic benefits with the
four proposed layouts, maintaining simple ROI values under the limit of 20 years. Moreover,
the initial values used to have the first reimbursement period approximations denotes that
decreases in the investment costs or increases in the energy costs improve importantly the

results.

Flat plate systems are recommendable over the ETC ones. Weather goodness during winter
time and high summer temperatures doesn’t spoil the FP efficiencies much, prevailing in this
case the collector prices over the collecting capacities in terms of simple return of investment

periods.
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In both cases, with and without HP, the lately denoted importance of the studied variables
stay stable until a singleROI between 5 and 10 years is reached, where it is noted higher
importance of different variables.

Solar installations without HP: Gas price increases make the return of investment periods
shorter than a similar percentage variation between the boundaries of collector prices.

o Flat plate systems: change the variable importance with ROI value around 6.5 years

e ETC collector systems: change the variable importance with ROl value around 9
years

Solar installations with HP: Gas price increases, electricity price increases, collector price
decreasing and HP installation price decreases, in this order; make the return of investment
periods shorter. For both flat plate and ETC facilities, ROl values between 5 and 6 years, the
importance of the variables go in the following order: Collectors, sorption machine, gas, and
the less important, the electrical prices

Helping politics proposed:

In these zones, all systems are profitable with the calculated prices, but if it is decided to
strength here the solar installations, a good solution would be to help the owners, or in some
cases ESCO companies that would make their business on economical savings, to buy the
facility, decreasing the initial costs and letting the successive price increasing of the
substituted fossil fuels, afford better return of investments. The best solutions is based on
prizing the renewable kWh introduced in the building, saving fossil fuel demands, but it is not
considered by the authors “ethical” to overpay with public money facilities that without help is
able to reach acceptable ROI.

It should be noticed that there is no official gas or electricity price published by the EU in the
present date for Turkey, but in the case of Spain electricity prices are rounding 20
cents€/kWh, 5 cents more than the calculated price and gas prices are a little bit lower. The
combination can bring the HP based facilities to obtain simpleROI values under 10 years.
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6.5.2 Zone ExcHeat2

1000,00 +prC - —— =~ == =S —————————————————————————— ettt — 035
—_— b Natural gas and
) 7 electricity
8 prices[€/kWh]
; 7 0,30
<~ w0000 = Vs
S~
¥,
H] /!
2 /! 025
";'_ 800,00 7 L
g /
s 4 020
o 7 (FP) FP price
T i 7/
- e R —_— — — [ETC) ETC price
j L | . - A i | epdricity ®.15 | (FR+HP) price FP
E / (ETC#+HP) price ETC
%‘ 600,00 y; / [FP+HP) HP price
g | B I RO RO SRR el e ESOW| L, . - [ETC+HP) HP price
E v, / (FP) Gas price
% 500,00 i (ETC) Gas price
3 - 005 (FP+P) Gas price
; E . (ETC+HP) Gas price
E = =] ; —— (FP+HP) electricity price
o 16,00 2100 26,00 il - [ETC+HP) electricity price
Return of investment [y]
Latitude | Altitude CDD HDD Fadiation | Winter load | Summerload Latent FP ETC
[l m] [K/d] ®d] |kWh/m2y] | (kWh/y] [kWh/y] surmmer load m2] | [m2]
3995 700 339.15 | 26816 1770.39 -3432 84 10889.64 379747 16.62 13.82
FP ETC FP+HP ETC+HP
Winter Coverage | 64.63% 69.96% 72 64% 82.89%
Summer Coverage 67.40% 72.27%
SimpleROI 2425 26.62 10.95 11.65

3 studied locations in one country: Turkey: Gaziantep, Kilis, Osmaniye

This zone represents southern locations with pretty high altitude where a combination of very
warm summers with not aggressive winters coexists. The mix of heating demands with south
latitudes (available winter radiation), facilitates the use of Heat Pumps layouts over the
simple heating facilities, achieving simpleROI’'s closed to ten years when the solar plant
works all along the year. It is clearly seen that HP facilities are recommended in this case,
increasing the heating demand coverage with renewables methods from a 12 to an 18%
when comparing the correspondent solar facilities with and without HP’s. Ambient
temperatures are warm in summer time and in winter time are high enough to still have
prevalence FP collectors over the high efficient ETC’s. (It must be remarked that it have
being installed a 20% more area of FP than ETC’s but the different collector costs make FP
collectors prevail in simple ROI terms.
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Solar installations without HP: Gas price increases make the return of investment periods
shorter than a similar percentage variation of collector prices.

Flat plate case have a change of importance for the variables with simple ROI's of 9 years
while the ETC case change the importance with higher ROI’s, around 11 years

Solar installations with HP: Gas price increases, electricity price increases, collector price
decreasing and HP installation price decreases, in this order; make the simple ROI times
shorter.

For both flat plate and ETC facilities, ROI values between 5 and 6 years, the importance of
the variables go in the following order: Collectors, electricity, sorption machine and gas
prices

Helping politics proposed:

In this zone, under the limit of 20 years, only the HP based layouts are profitable although
with some decreases for the investment prices or increases on gas and/or electricity the four
proposed layouts are profitable. Only for the “no HP” cases a help based on the kWh
introduced in the building, combined or not with subsidies to cover the initial costs, is
proposed, because causes better backup periods than a single first investment help. For the
HP based facilities, it is proposed to help the first investment.

It should be remarked that there is no official gas or electricity price published by the EU in
the present date for Turkey.
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6.5.3

Solar Collector prices [€/m’] and Heat Pump Prices [€/kWcold]

Zone A1

B0, 00

600,00

500,00

FP+HEP

_lectricity 0,15

0,35

Natural gas and

electricity
prices[€/kWh]

030

0,25

020
(FP') FP price

— — (ETC) ETC price

[FP+HP) price FP

(ETC+HP) price ETC
— (FP+HP) HP price

- [ETC+HP) HP price

(FP) Gas price
(ETC) Gas price

(FP+HP) Gas price

(ETC+HP) Gas price

[FP+HP) electricity price

Studied locations: (28 locations belonging 6 different countries)

40&.00&00 8,00 10,00 12,00 1400 16,00 18,00 :n_o: e - (ETCHHP) electricity price
Return of investment [y]

Latitude | Altitude CDD HDD Badiation | B Latent FP ETC
F] fm] K] Kd |kWh/may] Winterload | Sumumerload E ioad [m2] [m2]
37.87 12704 | 176,88 | 18234 | 170587 -846.95 11340,16 3831.72 8.08 6.41

FP ETC FP+HP ETC+HP

Winter Coverage 74.48% 79.18% 80,33% 80,76%

Summer Coverage 28.95% 31.38%

SimpleROI 1577 17.16 1573 1593

Spain: Alicante, Almeria, Badajoz, Caceres, Cadiz, Granada, Huelva, Jaén, Jeréz de
la Frontera, Murcia, Valencia

Portugal: Evora

Italy: Cagliari, Catania, Cosenza, Messina, Palermo, Siracusa, Crotone, Olbia, Trapani

Greece: Iraklion, Patrai, Péristéri, Andravida, Athens

Cyprus:Cyprus

Malta: Malta

All the localities present in this category are placed in southern Europe, mostly close to the
sea. The proximity to water masses soften the temperatures in both summer and winter
times, decreasing a little bit the efficiency of the system when compared with similar
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categories. It is due to the slightly lower demands along the year. Flat plate collectors take
advance on the comparison against the evacuated tubes, because the decrease of flat plates
collecting efficiency doesn’t compensate the higher prices of the evacuate tubes. Heat pump
costs are cleared by the savings obtained in cooling mode, but the machine installation
doesn’t cause greater advantages against a flat plate facility used only for heating for the
base considered prices.

Solar installations without HP: Gas price increases make the return of investment periods
shorter than a similar percentage variation of collector prices. Behaviour for Flat plate and
ETC facilities change under ROI’s of 6 years where the importance is leaded by the collector
price.

Solar installations with HP: Gas price increases, electricity price increases, collector price
decreasing and HP installation price decreases, in this order; make the simple ROI times
shorter. For both flat plate and ETC facilities, ROl values between 5 and 7 years, the
importance of the variables go in the following order: Collectors, sorption machine, gas, and
the less important, the electrical prices

Helping politics proposed:

In this zone, under the limit of 20 years, all system layouts are profitable; although the ones
based on HP’s reach shorter ROI's and will get higher advantages when the fossil energies
to be substituted, gas and electricity, increase their prices. The most effective way of
exploding the technology in this zone is based on prizing every kWh used in the house,
although a combination of helping the first investments and prizing the kWh distributed in the
house could be combined and varied along the utilization time. The effectiveness of prizing
every kWh delivered into the house decreases with the increase of fossil fuel prices, what
would make acceptable a first help to by the facilities and a prizing price for the renewable
used energies inversely proportional to the fossil prices. In this way, the facility owner is
helped in the first steps of the installation and the strength of the economical help would be
decreased when the facility increases its economic potential by comparing with the
substitutive fossil fuel prices.
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6.5.4 Zone A2
L I 4111 1 oot 0,35
Natural gas and
=y electricity
§ prices[€/kWh]
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2 Ve
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2_ 800,00 v
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™ F 4 0,20
3 s oo (FP) FP price
S wopo (EEETO AN N I e AR - — —(ETC) ETC price
c
= ?Z 4 electrifity 115 || | — (FP+HP) price FP
~ . i i i ] "
£ Y [ETC+HP) price ETC
)
o 60000 v, / ——— (FP+HP) HP price
g v I e 110, | 1 - (ETC+HP) HP price
g y s (FP) Gas price
1] [ETC) Gas price
9 so000
E 005 (FP+MP) Gas price
E‘ B ? (ETC+HP) Gas price
3 £ i = i —— (FP+HP) electricity price
200,00 0,00 2 " ici i
6,00 11,00 16,00 21,00 26,00 (ETC+HP) electricity price
Latitude Altitude CDD HDD Fadiation | Winterload | Summerload Latent FP ETC
] fm] Kd] | [Kd] |[kWh/mzy] | [kWh/y]l | [kWh/y] summer load [m2] | [m2]
4027 228 184,19 | 26212 161091 -26092.13 8257 66 299503 1797 | 1426
FP ETC FP+HP ETC+HP
Winter Coverage | 67.81% 73.05% 75.22% 76.38%
Summer Coverage 70.91% 75,28%
SimpleROI 28,02 2926 13,61 14,20

Studied locations: (14 locations belonging to 6 different countries)

Spain: Madrid, Toledo

Italy: Foggia, Amendola

Greece:Larissa, Volos, Thessaloniki

Turkey: Balikesir, Bursa, Denizli, Cannakkale, Mugla

Croatia: Split

Serbia: Pogdorica
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Once again, every location presented in this classification are placed in southern Europe,
with latitudes around 40 degrees for inland places and a little bit smaller for locations closed
to the coasts. Ratios between cooling and heating demand are balanced to the cooling
needs but the existence of enough heating demand and radiation allows a further use of the
sorption machine as heat pump, permitting in those cases to obtain backup periods of
around 14 years.

Solar installations without HP: Gas price increases make the return of investment periods
shorter than a similar percentage variation of collector prices for every ROI calculated over
11 years for FP collectors and 13 for ETC’s, where the importance of the variables change.

Solar installations with HP: Gas price increases, electricity price increases, collector price
decreasing and HP installation price decreases, in this order; make the simple ROI times
shorter. The importance of the variables changes for both FP and ETC facilities in the
interval between 5 and 7 simple ROI years.

Helping politics proposed:
In this zone, under the limit of 20 years, only the HP based facilities are profitable.

The no-HP in the loop cases, have ROI’s over the 25 years, so the unique way of helping the
expansion of this technology should be based on subsiding the initial cost of the installation.
The number of backup years saved when applying this measurement is 12,5 and 15 when
the bought of the systems is helped with the complete price interval studied, 300 €/m? FP
and 500 €/ m? ETC what it would place the installation reimbursements in around 15 years
for both cases. Further increases of the substitutive energies would make the systems
profitable in less than 10 years.

For both HP cases, the initial ROl calculated is around 14 years, what make of the
combination, helping the first investments and prizing the kWh distributed a good way of
promoting this kind of facilities. The single use of subsidies to the initial costs will close the
ROI's to 10 years and every saving would make the installation profitable, but the
combination of both measurements forces the system owner to get the best efficiencies of
the system to achieve shorter amortization times
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6.5.5

100000 T T

Solar Collector prices [€/m?] and Heat Pump Prices [€/kWcold]
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Studied locations: (21 locations belonging to 3 different countries)

FP

ETC

FP+HP

ETC+HP

Winter Coverage

75.08%

78.21%

79.62%

80.11%

Summer Coverage

36.08%

39.38%

SimpleROI

18.02

19.34

1531

1547

Spain: Algeciras, Barcelona, Castellén, Lérida, Palma de Mallorca, Tarragona

Portugal: Amadora, Setubal, Castelo Branco, Faro, Lisboa

Italy: Bari, Latina, Napoli, Pescara, Roma, Salerno, Sassari, Taranto, Brindisi, Gela

Every location of this classification are placed in the three West southern European
countries. All of them are closed to the see what contains the maximum and minimum
temperatures in summer and winter season respectively. The latitude of all of them
corresponds to the central part of the three countries.

Every studied layout maintaining simple ROI values under the limit of 20 years

Flat plate systems are recommendable over the ETC ones. Weather goodness during winter
time and high summer temperatures doesn’t spoil the FP efficiencies much, prevailing in this
case the collector prices over the collecting capacities in terms of simple return of investment
periods.
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Solar installations without HP: Gas price increases make the return of investment periods
shorter than a similar percentage variation between the boundaries of collector prices.Flat
plate and ETC based systems change the variable importance with ROl value around 7
years

Solar installations with HP: Gas price increases, electricity price increases, collector price
decreasing and HP installation price decreases, in this order; make the return of investment
periods shorter. For both flat plate and ETC facilities, for ROI values between 5 and 6 years,
the importance of the variables go in the following order: Collectors, sorption machine, gas,
and the less important, the electrical prices

Helping politics proposed:

In these zones, all systems are profitable with the calculated prices, but if it is decided to
strength here the solar installations, a good solution would be to help the owners in a first
step with subsidies to decrease the initial costs and prize every kWh introduced into the
demanding building for a determinate number of years that would make the investment
interesting from an economic point of view. As it has been previously said, this solution point
on the facility optimization and keeps the interest of the owners/managers on collecting as
much as possible energy from the sun.
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6.5.6 Zone B2
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FP ETC FP+HP ETC+HP

Winter Coverage | 67.57% 72.53% 74.91% 75.99%

Summer Coverage 69.61% 73.86%
SimpleROI 32,36 32,84 16,83 17,09

Studied locations: (12 locations belonging to 6 different countries)

Spain: Zaragoza

Italy: Ancona, Firenze, LA Spezia, Perugia, Terni

Greece:Kavala

Turkey:Adapazari, Edirne

France: Nimes, Marseille

Bulgaria: Kurdjali
The locations presented in this classification are placed mostly in southern Europe, with
latitudes around 43 degrees for inland places and a little bit smaller for locations closed to

coasts. Ratios between cooling and heating demand are balanced to the cooling needs but
the existence of enough heating demand and radiation allows a further use of the sorption
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machine as heat pump, permitting in those cases to obtain backup periods of around 17
years.

Solar installations without HP: Gas price increases make the return of investment periods
shorter than a similar percentage variation of collector prices. for every ROI calculated over
14 years for FP collectors and 16 for ETC’s, where the importance of the variables change.

Solar installations with HP: Gas price increases, electricity price increases, collector price
decreasing and HP installation price decreases, in this order; make the simple ROI times
shorter. The importance of the variables changes for both FP and ETC facilities in the
interval between 5 and 9 simple ROI years.

Helping politics proposed:
In this zone, under the limit of 20 years, only the HP based facilities are profitable.

The no-HP in the loop cases, have ROI’s over the 30 years, so the unique way of helping the
expansion of this technology should be based on subsiding the initial cost of the installation.
The number of backup years saved when applying this measurement is 15 and 17 when the
bought of the systems is helped with the complete price interval studied, 300 €/m? FP and
500 €/ m? ETC what it would place the installation reimbursements in around 15 years for
both cases. Further increases of the substitutive energies would make the systems profitable
in less than 10 years.

For both HP cases, the initial ROl calculated is around 17 years, what make of the
combination, helping the first investments and prizing the kWh distributed a good way of
promoting this kind of facilities. The single use of subsidies to the initial costs will close the
ROI's to 10 years and every saving would make the installation profitable, but the
combination of both measurements forces the system owner to get the best efficiencies of
the system to achieve shorter amortization times
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6.5.7 Zone B3
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Studied locations: (11 locations belonging to 3 different countries)

Italy: Bologna, Ferrara, Modena, Parma
Turkey:Ankara, Isparta, Kirikkale, Kiahya, Usak, Konya
Macedonia: Skopje

The locations presented in this classification are placed in the Southeast Mediterranean
countries, for places not directly over the see and a considerable altitude. The heating and
cooling demand are nearly balanced along the year and the ETC begin be important due to
their low thermal losses coefficient Nevertheless, FP collectors, with wide installed areas
reach similar performances. The existence of enough heating demand and radiation allows a
further use of the sorption machine as heat pump, permitting in those cases to obtain backup
periods of around 16 years.
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Solar installations without HP: Gas price increases make the return of investment periods
shorter than a similar percentage variation of collector prices. for every ROI calculated over
15 years for FP collectors and 13 for ETC’s, where the importance of the variables change.

Solar installations with HP: Gas price increases, electricity price increases, collector price
decreasing and HP installation price decreases, in this order; make the simple ROI times
shorter. The importance of the variables changes for both FP and ETC facilities in the
interval between 5 and 10 simple ROI years.

Helping politics proposed:
In this zone, under the limit of 20 years, only the HP based facilities are profitable.

The no-HP in the loop cases, have ROI’s over the 36 years, so the unique way of helping the
expansion of this technology should be based on subsiding the initial cost of the installation
and prizing the introduced kWh in the system. The combination of both monetary helps,
would not reach a ROI of 10 years for the two collector technologies. The interest on
promoting the technology to fully cover in this case DHW along the year needs of high public
efforts.

For both HP cases, the initial ROl calculated is around 16 years, what make of the
combination, helping the first investments and prizing the kWh distributed a good way of
promoting this kind of facilities. The single use of subsidies to the initial costs will close the
ROI's to 10 years and every saving would make the installation profitable, but the
combination of both measurements forces the system owner to get the best efficiencies of
the system to achieve shorter amortization times.
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6.5.8 Zone C1
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Latitude Altitude CDD HDD Fadiation Winterload | Summerload Latent FP ETC
[l [m] 4] [Kd] [kWh/mey] [kWh/y] [kWh/y] summer load m2] | [m2]
42 85 52 56,56 23864 147466 -1832.62 712408 3638.06 1693 [ 12,01
FP ETC FP+HP ETC+HP
Winter Coverage | /1.23% 75.68% 77.82% 78.36%
Summer Coverage 55.21% 58.84%
SimpleROI 2842 27.05 17.16 16,95

Studied locations: (10 locations belonging to 4 different countries)

Portugal: Coimbra

Italy: Genova, Livorno, Pisa, Cape Mele

Turkey: Samsun

France: Nice, Perpignan, Toulon, Ajaccio

The locations presented in this classification are placed in latitudes correspondent to north
Mediterranean coasts, near the see.

The existence of enough heating demand and radiation allows a further use of the sorption
machine as heat pump, permitting in those cases to obtain backup periods of around 17

years.
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Solar installations without HP: Gas price increases make the return of investment periods
shorter than a similar percentage variation of collector prices. For every ROI calculated under
11 years for FP and ETC collectors, their prices become more important than the substitutive
fuel one.

Solar installations with HP: Gas price increases, electricity price increases, collector price
decreasing and HP installation price decreases, in this order; make the simple ROI times
shorter. The importance of the variables changes for both FP and ETC facilities in the
interval between 5 and 10 simple ROI years.

Helping politics proposed:
In this zone, under the limit of 20 years, only the HP based facilities are profitable.

The no-HP in the loop cases, have ROI's around the 28 years, so the unique way of helping
the expansion of this technology should be based on subsiding the initial cost of the
installation. The number of backup years saved when applying this measurement is 11 when
the bought of the systems is helped with the complete price interval studied, for the both
solar technologies proposed. Further increases of the substitutive energies would make the
systems profitable in less than 10 years. A possible prizing of the saved gas would get the
ROIs closer to 10 years, what make possible the decrease of the prizing when the
substitutive energy prices rise.

For both HP cases, the initial ROl calculated is around 17 years, what make of the
combination, helping the first investments and prizing the kWh distributed a good way of
promoting this kind of facilities. The single use of subsidies to the initial costs will close the
ROI's to 10 years and every saving would make the installation profitable, but the
combination of both measurements forces the system owner to get the best efficiencies of
the system to achieve shorter amortization times
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6.5.9 Zone C2
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Latitude Altitude CDD HDD Radiation | Winterload | Summerload Latent FP ETC
Fl ] [K/d] Kd) [kWh/m2y] | [kWh/y] [(kWh/y] il m2] | [m2]
43,79 249,61 64,79 3039.6 1409.6 -3406.26 617335 267116 2593 | 1829
FP ETC FP+HP ETC+HP
Winter Coverage | 94.32% 68.98% 72.38% 72.63%
Summer Coverage 81.87% 84.22%
SimpleROI 37.74 35,56 18.06 17.90

Studied locations: (18 locations belonging to 8 different countries)

Spain: Salamanca, Valladolid

Portugal: Bragancga

Italy:Allesandria, Forli, Rimini, Trieste, Udine, Venezia
Turkey:lstanbul

France: Carpentras, Montpellier

Bosnia Herzegovina: Mostar

Croatia: Rijeka

Slovenia: Portoroz

The locations presented in this classification are placed in central locations of the southern
European countries or near the coasts in countries whit latitudes close to 45. The heating
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Combination between building and solar system

and cooling demand are nearly balanced along the year and the ETC begin be important due
to their low thermal losses coefficient Nevertheless, FP collectors, with wide installed areas
reach similar performances. The existence of enough heating demand and radiation allows a
further use of the sorption machine as heat pump, permitting in those cases to obtain backup
periods of around 18 years.

Solar installations without HP: Gas price increases make the return of investment periods
shorter than a similar percentage variation of collector prices. For every ROI calculated under
15 years for FP and ETC’s collectors, where the importance of the variables change.

Solar installations with HP: Gas price increases, electricity price increases, collector price
decreasing and HP installation price decreases, in this order; make the simple ROI times
shorter. The importance of the variables changes for both FP and ETC facilities in the
interval between 5 and 10 simple ROI years.

Helping politics proposed:
In this zone, under the limit of 20 years, only the HP based facilities are profitable.

The no-HP in the loop cases, have ROI’s over the 36 years, so the unique way of helping the
expansion of this technology should be based on subsiding the initial cost of the installation
and prizing the introduced kWh in the system. The combination of both monetary helps,
would not reach a ROI of 10 years for the two collector technologies. The interest on
promoting the technology to fully cover in this case DHW along the year needs of high public
efforts.

For both HP cases, the initial ROI calculated is around 18 years, what make of the
combination, helping the first investments and prizing the kWh distributed a good way of
promoting this kind of facilities. The single use of subsidies to the initial costs will close the
ROI's to 11 years and every saving would make the installation profitable, but the
combination of both measurements forces the system owner to get the best efficiencies of
the system to achieve shorter amortization times.
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6.5.10 Zone C3
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Latitude Altitude CDD HDD Radiation | Winter load | Summer load Latent FP ETC
[l [m] [&d] [Ed] |[kWh/mzy] kWh/y] [kWh/y] surmer load m2] | [m2]
42.84 397 74,12 | 35073 | 144572 4673.05 | 6044.61 2824.32 28,69 | 19.57

FP ETC FP+HP ETC+HP

Winter Coverage | 60.21% 64.09% 68.85% 68,18%

Summer Coverage 85.15% 835.71%

SimpleROI 37.33 33,93 18,55 18,23

Studied locations: (6 locations belonging to 3 different countries)

Italy:Padova, Verona, Vicenza
Turkey:Afyon, Eskisehir

Bulgaria: Plovdiv

The locations presented in this classification are placed in northern locations of the southern
European countries, far from the see. Heating and cooling demand are nearly balanced
along the year and the ETC become the important technology to be installed due to their low
thermal losses coefficient The existence of enough heating demand and radiation allows a
further use of the sorption machine as heat pump, permitting in those cases to obtain backup
periods of around 18 years.
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Combination between building and solar system

Solar installations without HP: Flat plate’s costs are the most important variable to make the
facility profitable, while for ETC’s, substitutive gas prices is the important variable up to a
point delimited by ROI equal to 20 years, where the collector price become the most
important

Solar installations with HP: Gas price increases, electricity price increases, collector price
decreasing and HP installation price decreases, in this order; make the simple ROI times
shorter. The importance of the variables changes for both FP and ETC facilities in the
interval between 5 and 10 simple ROI years.

Helping politics proposed:
In this zone, under the limit of 20 years, only the HP based facilities are profitable.

The no-HP in the loop cases, have ROI's around the 35 years, so the unique way of helping
the expansion of this technology should be based on subsiding the initial cost of the
installation and prizing the introduced kWh in the system. The combination of both monetary
helps, would not reach a ROI of 18 years for the two collector technologies. The interest on
promoting the technology to fully cover in this case DHW along the year needs of high public
efforts.

For both HP cases, the initial ROI calculated is around 18 years, what make of the
combination, helping the first investments and prizing the kWh distributed a good way of
promoting this kind of facilities. The single use of subsidies to the initial costs, will close the
ROI's to 11 years and every saving would make the installation profitable, but the
combination of both measurements forces the system owner to get the best efficiencies of
the system to achieve shorter amortization times.
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6.5.11

Zone C4

Natural gas and

electricity

prices[€/kWh]

Studied locations: (7 locations belonging to 4 different countries)

Serbia: Negotin, Nis

Macedonia: Bitola

Romania: Braila

Bulgaria: Plévéne, Roussé, Stara Zagora
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Latitude Altitude CcDD HDD Fadiation Winterload | Surnumerload Latent FP ETC
F] [m] [K/d] [Kd] [kWh/mey] kWh/y] [(kWh/y] e s Jo ] m2] | [m2]
43 37 198 85285 | 38225 1378.56 -5788.87 554975 2399 86 28.61 19.09
FP ETC FP+HP ETC+HP
Winter Coverage | 26.42% 60.32% 66.14% 64.73%
Summer Coverage 835.17% 84.75%
SimpleROI 35.12 31.13 18,59 18.11

The locations presented in this classification are placed in northern locations of the southern
east European countries, far from the see. Heating and cooling demand are balanced along
the year and the ETC become the important technology to be installed due to their low
thermal losses coefficient The existence of enough heating demand and radiation allows a
further use of the sorption machine as heat pump, permitting in those cases to obtain backup
periods of around 18 years.
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Combination between building and solar system

Solar installations without HP: Flat plate’s costs are the most important variable to make the
facility profitable, while for ETC’s, substitutive gas prices is the important variable up to a
point delimited by ROI equal to 16 years, where the collector price become the most
important

Solar installations with HP: Gas price increases, electricity price increases, collector price
decreasing and HP installation price decreases, in this order; make the simple ROI times
shorter. The importance of the variables changes for both FP and ETC facilities in the
interval between 5 and 10 simple ROI years.

Helping politics proposed:
In this zone, under the limit of 20 years, only the HP based facilities are profitable.

The no-HP in the loop cases, have ROI's around the 33 years, so the unique way of helping
the expansion of this technology should be based on subsiding the initial cost of the
installation and prizing the introduced kWh in the system. The combination of both monetary
helps, would not reach a ROI of 18 years for the two collector technologies. The interest on
promoting the technology to fully cover in this case DHW along the year needs of high public
efforts.

For both HP cases, the initial ROl calculated is around 18 years, what make of the
combination, helping the first investments and prizing the kWh distributed a good way of
promoting this kind of facilities. The single use of subsidies to the initial costs, will close the
ROI's to 10 years and every saving would make the installation profitable, but the
combination of both measurements forces the system owner to get the best efficiencies of
the system to achieve shorter amortization times.
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6.5.12 Zone C5
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Latitude Altitude CDD HDD Fadiation Winterload | Swmmerload Latent FP ETC
[l [m] [K/d] [Kd]  [[kWh/may] [(kWh/y] (kWh/y] s load m2] | [m2]
42.12 713.5 59,46 43164 1531.52 -6808.5 403252 1417 88 3744 | 2096
FP ETC FP+HP ETC+HP
Winter Coverage | 23-47% 33.635% 62.98% 60,14%
Summer Coverage 98.35% 97.42%
SimpleROI 42,76 3297 2234 194

Studied locations: (2 locations belonging to 2 different countries)

Turkey: Sivas

Romania: Bucarest

The two locations presented in this classification are placed in Romania and Turkey, with a
pretty high altitude. Heating demand becomes more important than cooling and the ETC
collectors are recommended for every case, although, Flat plates with heat pump initial
saves are not far away for the 20 year ROI limit.
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Combination between building and solar system

Solar__installations _without HP: Flat plate installations without heat pump are not
recommended due to the need of large collector surfaces that it will not provide acceptable
ROI’s. For the ETC case, the gas prices are more important than the collector prices when
the returning periods are over 16 years

Solar installations with HP: Gas price increases, collector price decreasing, electricity price
increases and HP installation price decreases, in this order; make the simple ROI times
shorter. The importance of the variables changes for both FP and ETC facilities in the
interval between 5 and 10 simple ROI years. The variables associated to cooling as the heat
pump price and the electrical costs nearly doesn’t influence the ROI

Helping politics proposed:
In this zone, under the limit of 20 years, only the ETC+HP based facilities are profitable.

The no-HP in the loop cases, based on flat plates are nor recommended and the ETC’s have
ROI's around the 33 years, so the unique way of helping the expansion of this technology
should be based on subsiding the initial cost of the installation and prizing the introduced
kWh in the system. The combination of both monetary helps, would not reach a ROI of 15
years for the two collector technologies. The interest on promoting the technology to fully
cover in this case DHW along the year needs of high public efforts.

For both HP cases, the initial ROI calculated is around 20 years, what make of the
combination, helping the first investments and prizing the kWh distributed a good way of
promoting this kind of facilities. The single use of subsidies to the initial costs, will close the
ROI's to 12 years and every saving would make the installation profitable, but the
combination of both measurements forces the system owner to get the best efficiencies of
the system to achieve shorter amortization times.

Page 153 of 223



Economical and primary energy optimization of solar thermally driven heat pump systems along Europe

6.5.13 Zone D1
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Latitude Altitude CDD HDD Fadiation Winter load | Summerload Latent FP ETC
Fl fm] [KAd] [Kd |[[kWh/mzy] (kWh/y] | [kWh/y] s m2] | [m2]
40,98 0 17.41 23308 | 1332624 -1187.26 8644 .99 495025 12,51 942
FP ETC FP+HP ETC+HP
Winter Coverage | /0.98% 76.11% 76.,32% 78.21%
Summer Coverage 29.08% 35.14%
SimpleROI 23,92 23,99 19,55 18,30

Studied locations: (1 locations belonging to 1 country)

Turkey: Trabzon

In the studied location, cooling demand is much more important than cooling one.

All four layouts get similar ROI times.
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Combination between building and solar system

Solar installations without HP: Gas price increases make the return of investment periods
shorter than a similar percentage variation of collector prices. For every ROI calculated under
11 years for FP and ETC collectors, their prices become more important than the substitutive
fuel one.

Solar installations with HP: Gas price increases, electricity price increases, collector price
decreasing and HP installation price decreases, in this order; make the simple ROI times
shorter. The importance of the variables changes for both FP and ETC facilities in the
interval between 5 and 10 simple ROI years.

Helping politics proposed:
In this zone, under the limit of 20 years, only the HP based facilities are profitable.

The no-HP in the loop cases, have ROI's around the 24 years, so the unique way of helping
the expansion of this technology should be based on subsiding the initial cost of the
installation. The number of backup years saved when applying this measurement is 15 when
the bought of the systems is helped with the complete price interval studied, for the both
solar technologies proposed. Further increases of the substitutive energies would make the
systems profitable in less than 10 years. A possible prizing of the saved gas would get the
ROIs closer to 10 years, what make possible the decrease of the prizing when the
substitutive energy prices rise.

For both HP cases, the initial ROl calculated is around 19 years, what make of the
combination, helping the first investments and prizing the kWh distributed a good way of
promoting this kind of facilities. The single use of subsidies to the initial costs, will close the
ROI's to 12 years and every saving would make the installation profitable, but the
combination of both measurements forces the system owner to get the best efficiencies of
the system to achieve shorter amortization times
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6.5.14 Zone D2
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Latitude Altitude CDD HDD Fadiation | Winterload | Sumumerload Latent FP ETC
Fl [m] [K/d] Kd] [kWh/mzy] | [kWh/y] (kWh/y] s il m2] | [m2]
45 86 20643 | 32576 | 33177 1270.16 417497 335823 1677.79 4727 | 2649
FP ETC FP+HP ETC+HP
Winter Coverage | 03.01% 67.35% 72 .86% 71.97%
Summer Coverage 55.40% 35.75%
SimpleROI 60,87 4593 4552 36.15

Studied locations: (4 locations belonging to 2 different countries)

France: Valence, Carcassonne

Ireland: Belmullet, Valentia

Four locations are studied in this chapter, where heating loads are a little bit higher than the
cooling ones, but the low temperatures and radiation along the winter season doesn'’t allow
to install flat plate systems without large areas and as a consequence, with a need of high
political support to expand the technology.

In the studied locations, no flat plate facility would be studied because the needed collectors
to achieve the studied objectives occupy an area larger than the available roof surface.
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Combination between building and solar system

ETC base facilities have an opportunity when combined with heat pumps, where the collector
prices are the predominant variable to make the systems profitable. The second variable in
order of importance are the gas prices, while electricity and overall the sorption machine
prices and don’t play any important role in the financial problem.

Helping politics proposed:The way to make viable ETC+HP facilities come from a first
monetary help to by the facility that would bring the ROi’s to 20 years and lately prize every
kWh introduced into the building that would make interesting the installation of a system with
a minimum ROI of around 12 to 15 years.
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6.5.15 Zone D3
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Studied locations: (16 locations belonging to 7 different countries)

Spain: Burgos; Italy: Brescia, Milano, Torino, Bolzano

France: EmbrunGreat Britain: Belfast, Dunstaffnage, Oban

Serbia: Beograd Ireland: Birr, Clones, Dublin

Bulgaria: Bourgas, Dobritch, Varna

In the studied locations, no flat plate facility would be studied because the needed collectors
to achieve the studied objectives occupy an area larger than the available roof surface.

For the ETC case, without HP’s the firstly obtained ROI's didn’t show a possibility of installing
the collectors to cover the DHW heating demand. With HP’s, a combination of efforts done
on the first investment costs with prizing the kWh delivered to the building could give an
opportunity to the technology. Electrical prices and sorption machine prices don’'t play
significant roles in the ROI, although it would be very complicated to reach values closed to
20 years.
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Combination between building and solar system

6.5.16
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Bosnia Herzegovina: Banja Luka;

Serbia: Novi Sad, Pristina, SurcinHungary: Szeged

Romania: Arad, Oradea, Constanta, Craiova, Timisoara

Great Britain: Aberdeen, Eskdalemuir, Leuchars

Bulgaria: Sliven

In the studied locations, no flat plate facility would be studied because the needed collectors
to achieve the studied objectives occupy an area larger than the available roof surface.

For the ETC case, without HP’s the firstly obtained ROI's didn’t show a possibility of installing
the collectors to cover the DHW heating demand. With HP, a combination of efforts done on
the first investment costs with prizing the kWh delivered to the building can give an
opportunity to the technology. Electrical prices and sorption machine prices don’t play
significant roles in the ROI. The combination of prizing and subsidies politics together, it
would reach ROI values in the interval between 15 and 20 years.
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6.5.17 Zone E1
Ly 911 |1 i ittt it 0,35
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% prices[€/kWh]
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‘=’ 0,25
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;:3 o (FB) FP price
T L . — = (ETC) ETC price
h.‘ﬁ S [FP+HP) price FP
g (ETC+HP) price ETC
7 600,00 [FP+HP) HP price
§ _____ 040 - [ETC+HP) HP price
g (FP) Gas price
g [ETC) Gas price
= 500,00
8 005 (FP+HP) Gas price
‘_3 = (ETC+HP) Gas price
» E = (FP+HP) electricity price
400.th 7 R P e i e ?o,mum - (ETC+HP) electricity price
Latitude Altitude CDD HDD Radiation Winterload | Swmumerload Latent FP ETC
[l [m] [Ed] [Kd] |(kWh/mzy] [(kWh/y] [kWh/y] surnmer load m2] | [m2]
41,68 0 1609 2424 8 152301 -864 68 4047 91 1794 53 947 746
FP ETC FP+HP ETC+HP
Winter Coverage 73.68% 76.98% 78.36% 79.06%
Summer Coverage 55.53% 60,40%
SimpleR.OI 18,42 19,80 16,80 17.17

Studied locations: (2 locations belonging to 2 different countries)

Spain: Vigo

Portugal: Porto

In the studied locations, cooling demand is much more important than heating one, but both
of them are pretty small. The available radiation alone the year allows the use of solar
collectors for heating and cooling.

All four layouts get similar ROI times.
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Solar installations without HP: Gas price increases make the return of investment periods
shorter than a similar percentage variation of collector prices. For every ROI calculated under
7 years for FP and 11 years for ETC collectors, the collector prices become more important
than the substituted gas.

Solar installations with HP: Gas price increases, electricity price increases, collector price
decreasing and HP installation price decreases, in this order; make the simple ROI times
shorter. The importance of the variables changes for both FP and ETC facilities in the
interval between 5 and 10 simple ROI years.

Helping politics proposed:

In these zones, all systems are profitable with the calculated prices, but if it is decided to
strength here the solar installations, a good solution would be to help the owners in a first
step with subsidies to decrease the initial costs and prize every kWh introduced into the
demanding building for a determinate number of years that would make the investment
interesting from an economic point of view. As it has been previously said, this solution point
on the facility optimization and keeps the interest of the owners/managers on collecting as
much as possible energy from the sun
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6.5.18 Zone E2
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Latitude
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[m]

CDD
[K/d]

HDD
[K/d]

Fadiation |
(kWh/mzy]

Winter load
(kWh/y]

Surmmer load

[kWh/y]

Latent
sunmer load

FP

[m2]

ETC

46

184.14

1772

33785

1269.64

-4986.34

2156.68

935,68

41,53
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FP

ETC

FP+HP

ETC+HP

Winter Coverage

60.51%

62.99%

70.41%

67.61%

Summer Coverage

88.89%

87.7%

SimpleROI

52,17

38.81

40,33

32.36

Studied locations: (7 locations belonging to 4 different countries)

Spain: Orense Great Britain: Camborne

France: Bourdeaux, Agen, Biscarrosse, Millaulreland: Cork

Seven locations are studied in this chapter, where heating loads are slightly higher than the
cooling ones, but the low temperatures and radiation along the winter season doesn'’t allow
to install flat plate systems without large areas and as a consequence, with a need of high
political support to expand the technology. In the studied locations, no flat plate facility would
be studied because the needed collectors to achieve the studied objectives occupy an area
larger than the available roof surface ETC base facilities have an opportunity when combined
with heat pumps, where the collector prices are the predominant variable to make the
systems profitable, followed by gas prices. Electricity and overall the sorption machine prices
and don’t play any financial role.al problem

The way to make viable ETC+HP facilities come from a first monetary help to buy the facility,
approaching the ROi’s to 15 years and lately, prize every kWh introduced into the building
that would make interesting the installation of a system with a ROI of around 12 to 15 years.
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6.5.19 Zone E3
000,00 wprp e - ————— 0,35
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Latitude | Altitude CDD HDD Radiation | Winter load | Summerload Latent FF ETC
[l Kd] | [Kd] |[kWh/mzy] |(kWh/y] | [kWh/y] s Joad m2] | [m2]
31,93 66.92 327 41431 997.08 -6648.65 324 87 113.36 116,06 | 52.13
FP ETC FP+HP ETC+HP
Winter Coverage 59.42% 63.17% 70.78% 62.77%
Summer Coverage 69.23% 69.23%
SimpleROI 12336 74.40 100.96 65.80

Studied locations: (13 locations belonging to 5 different countries)

France: Villeurbanne

Belgium: Oostende

Netherlands: De Kooy

Ireland: Kilkenny

Great Britain: Aberporth, Aughton, Birmingham, Cardiff, Fairfield, Garston, Hemsby,
Silsoe, Sutton

For the studied climatic zone, no flat plate or evacuated tube facility would be proposed. In
the first case the limiting factor is the large collector areas demanded to serve the building
while for the second case, the problem leads in economical fields, where a combination of
subsidies and energy prizing would not achieve simple ROI's of 20 years.
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6.5.20 Zone E4
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ETC

FP+HP
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Winter Coverage

39.19%

66.21%

64.33%

Summer Coverage

98.1%

97.32%

SimpleROI

60.93

60.14

4128

Studied locations: (7 locations belonging to 6 different countries)

Great Britain: CawoodGermany: List

Bosnia Herzegovina: TuzlaCroatia: Zagreb

Hungary: Pécs, SzékesfehévarSlovakia: Bratislava

For the studied climatic zone, no flat plate facility would be proposed. In this case the limiting
factor is the large collector areas demanded to serve the building.ETC base facilities have an
opportunity when combined with heat pumps, where the collector prices are the predominant
variable to make the systems profitable, followed by gas prices. Electricity and overall the

sorption machine prices and don’t play any important role in the financial problem.

Helping politics proposed:The way to make viable ETC+HP facilities come from a first
monetary help to by the facility that would bring the ROi’'s to 24 years and lately prize every
kWh introduced into the building that would make interesting the installation of a system with
a minimum ROI of around 15 years.
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6.5.21 Zone E5
W00 prprr e ——— e e e B35
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Latitude | Altitude CDD HDD Fadiation Winter load | Swrumer load Latent FP ETC
[l [m] [K/d] [Ed]  [(kWh/mz2y] [kWh/y] [kWh/y] summerload [m2] [m2]
323 32735 8.39 30871 1053,88 -9430,59 976,62 341,84 139,61 | 33,61
FP ETC FP+HP ETC+HP
Winter Coverage 56.30% 39.19% 66.37% 65.00%
Summer Coverage 64.25% 64.04%
SimpleROI 12273 66,79 95,97 55,74

Studied locations: (14 locations belonging to 11 different countries)

Belgium: St HubertDenmark: Alborg, Arhus

Germany: Braunlage, DresdenPoland: Gdansk

Czech Republic: ChuranovHungary: Budapest, Kecskemet

Slovakia: PlesoRomania: Satu Mare

Sweden: Boras, GoteborgLithuania: Klaipeda

For the studied climatic zone, no flat plate or evacuated tube facility would be proposed. In
the first case the limiting factor is the large collector areas demanded to serve the building
while for the second case, the problem leads in economical fields, where a combination of
subsidies and energy prizing would not achieve simple ROI’s of 20 years.
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6.5.22

Solar Collector prices [€/m?] and Heat Pump Prices [€/kWcold]
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Winter Coverage
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SimpleROI

30.24 29.05

Studied locations: (6 locations belonging to 1 country)

Spain: Bilbao, Gijén, La Coruna, Oviedo, San Sebastian, Santander

In the studied locations, all of them in the Spanish north coast, heating demand is much
lower than cooling one, but both of them are pretty small. The available radiation alone the
year allows the use of solar collectors for heating and cooling.

Solar installations without HP: Gas price increases make the return of investment periods
shorter than a similar percentage variation of collector prices. For every ROI calculated under
7 years for FP and 11 years for ETC collectors, the collector prices become more important
than the substituted gas.

Solar installations with HP: Gas price increases, electricity price increases, collector price
decreasing and HP installation price decreases, in this order; make the simple ROI times
shorter. The importance of the variables changes for both FP and ETC facilities in the
interval between 5 and 10 simple ROI years.
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Helping politics proposed:

In this zone, under the limit of 20 years, only the HP based facilities are close to be
profitable.

The no-HP in the loop cases, have ROI’s around the 30 years, so the unique way of helping
the expansion of this technology should be based on subsiding the initial cost of the
installation and prizing the introduced kWh in the system. The combination of both monetary
helps, would reach ROI’s under 10 years for the two collector technologies.

For both HP cases, the initial ROI calculated is around 22 years, what make of the
combination, helping the first investments and prizing the kWh distributed a good way of
promoting this kind of facilities. The single use of subsidies to the initial costs, will close the
ROI's to 13 years and every saving would make the installation profitable, but the
combination of both measurements forces the system owner to get the best efficiencies of
the system to achieve shorter amortization times.
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6.5.23 Zone ExcCold?2
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Latitude Altitude CDD HDD Fadiation Winter load | Swmmerload Latent FP ETC
[l (m] Kd | [Kd [kWh/mey] | [kWh/y] | [kWh/y] e m2] | [m2]
4728 | 5655 | 7.85 | 3507.1 | 119382 590933 | 15519 777,72 50,66 | 26,55

FP ETC FP+HP ETC+HP

Winter Coverage | 61.37% 64,01% 71,98% 69,07%

Summer Coverage 75.24% 75.19%

SimpleROI 55,62 40,46 42,59 33,73

Studied locations: (11 locations belonging to 3 different countries)
Turkey: ZonguldakGreat Britain: Efford, Is. Jersey
France: Le Havre, Nantes, Rennes, Brest, Caen, La Rochelle, La Roche sur Yon, Pau

The studied locations of this zone have pretty important heating demands compared to the
low cooling ones. The low ambient temperatures and radiation along the winter season
doesn’t allow installing flat plate systems without large areas and as a consequence, with a
need of high political support to expand the technology.

No FP layout is amortizable in this zone, while ETC base facilities have an opportunity when
combined with heat pumps, where the collector prices are the predominant variable to make
the systems profitable. The second variable in order of importance are the gas prices, while
electricity and overall the sorption machine prices and don’t play any important role in the
financial problem.

Helping politics proposed:The way to make viable ETC+HP facilities come from a first
monetary help to by the facility that would bring the ROi’s to 27 years and lately prize every
kWh introduced into the building that would make interesting the installation of a system with
a minimum ROI of around 12 to 13 years.
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6.5.24
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Studied locations: (27 locations belonging to 7 different countries)

Italy: BergamoNeatherlands: Vlissingen

Turkey: KarabukGermany: Mannheim

) electricity
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1 N UGN WL T O
¥,
"
£
a
2 go000
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®
% (FP') FP price
g 70000 LT e — —(ETC) ETC price
«E [FP+HP) price FP
W [ETC+HP) price ETC
§ 600,00 (FE+HP) HP price
5 . [ETC4+HP) HP price
..8_. |FP) Gas price
1%}
2 (ETC) Gas price
8 500,00 _
Pl (FP+HP) Gas price
(1]
S o ] (ETC+HP) Gas price
L = | B || (FP+HP) electricity price
200,00 0,00 g
00 16,00 26,00 36,00 46,00 56,00 66,00 ~[ETCHAP) electricity price
Latitude Altitude CDD HDD Radiation Winter load | Swmnmerload Latent FP ETC
[l [m] [K/d] [Kd] |[kWh/m2y] [kWh/y] (kWh/y] o s m2] | [m2]
48.29 163,33 15.30 3875.3 112879 -7058.82 1683.12 74335 7945 | 3722
FP ETC FP+HP ETC+HP
Winter Coverage 57.75% 60.36% 69.15% 66,39%
Summer Coverage 98.09% 97.83%
SimpleR.OI 83.17 53.47 59.43 42 24

France: Amiens, Auxerre, Bourges, Cl. Ferrand, Le Mans, Lille, Limoges, Lyon,
Macon, Orleans, Paris, Rouen, Saint Etienne, Tours, Trappes, Troyes.

Great Britain: Bracknell, Cardington, Grendon Underwood, Kew, London

Switzerland: Lugano

For the studied climatic zone, no flat plate facility would be proposed. In this case the limiting
factor is the large collector areas demanded to serve the building. ETC base facilities have
an opportunity when combined with heat pumps, with a firs monetary help to approach ROi’s
of about 22 years and lately prize every kWh introduced into the building that would make
interesting the installation of a system with a minimum ROI of around 12 years.
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6.5.25 Zone ExcCold4
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Latitude | Alfitude | CDD HDD | Radiaion | | Winterload | Summerload Latent FP ETC
[] [m] ®d | [Kd] |[kWh/mzy] | kWh/y] | (kWh/y] e m2] | [m2)
48.91 28527 | 13246 | 42932 | 108844 -7241.78 1445 81 4959 9354 | 43,15

FP ETC FP+HP ETC+HP

Winter Coverage 35,13% 58,56% 66.05% 64.72%

Summer Coverage 92.43% 02.27%

SimpleROI 9943 61,85 69.64 47,73

Studied locations: (45 locations belonging to 11 different countries)

Italy: LeccoBelgium: Brussels Austria: Vienna
Liechtenstein: Vaduz Bulgaria: Sofia Slovenia: Ljubljana

France: Mulhouse, Reims, Strasbourg, Dijon, Le Puy en Velay, Nancy, Saint Quentin.
Neatherlands: Arnhem, Amsterdam, De Bilt, Groningen, Beek (Limburg)

Germany: Bocholt, Bonn, Bremen, Frankfurt, Freiburg, Geisenheim, Giessen,
Hamburg, Heiligendamm, Norderney, Osnabrik, Saarbriicken, Stuttgart, Wiirzburg

Switzerland: Basel, Bern, Geneve, Glarus, Interlaken, Luzern, Neuchatel, Sion, St.
Gallen, Zurich

Bosnia Herzegovina: Sarajevo, Zenica
No flat plate or ETC facility would be proposed. In the first case the limiting factor is the large

collector areas demanded while for the second case, the problem leads in economical fields,
where a combination of subsidies and energy prizing don’t achieve simple ROI’s of 20 years.
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6.5.26 Zone ExcCold5
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Latitude | Altitude CDD HDD Radiation | Winter load | Summerload Latent FF ETC
] [m] [E/d] [Ed] |[kWh/mzy] [kWh/y] [kWh/y] summerload [m2] [m2]
4949 35502 11,54 47798 1124 87 -7953.35 1583.04 573,68 106,34 | 4539
FP ETC FP+HP ETC+HP
Winter Coverage 34.77% 57.53% 65.13% 63.28%
Summer Coverage 92.98% 92.65%
SimpleROI 105,93 61,68 7431 47.36

Studied locations: (51 locations belonging to 14 different countries)

Denmark: Copenhage; Serbia: Kopaonik, Sjenica, Zlatibor; Bosnia Herzegovina: Parg;
Austria: Graz, Innsbruck, Klagenfurt, Linz, Ménichkirchen, Salzburg, Steyr; Germany: Berlin,
Braunschweig, Coburg, Hohenpeissenberg, Lidenscheid, Munich, Nuremberg, Passau,

Postdam, Schleswig,

Weissenburg;

Poland: Kolobrzeg,

Cracovia, Mikolajki,

Poznan,

Suwalki, Warsaw; Lituania: Kaunas; Chech Republic: Kucharovice, Ostrava, Hradec Kraloveé,
Olomouc, Prague; Hungary: Debrecen, Gyoer, Szombathely, Miskolc; Slovenia: Marebor;
Slovakia: Kosice; Rumania: Baia Mare, Peatra Neamt Rimnicu Vilcea, Cluj, Sibiu Suceava,
Tirgu; Sweden: Lund, Norrkéepping, Vaexjoe

For the studied climatic zone, no flat plate or evacuated tube facility would be proposed.
Large collector areas and no economic viability to achieve 20 yr. ROI’s are respectively the

causes
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6.5.27 Zone ExcCold ExcCold
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Latitude Altitude CDD HDD Fadiation Winter load | Surmumerload Latent FP ETC
F] [m] [E/d] [Ed [[kWh/mey] [(kWh/y] [(kWh/y] Ay loadl m2] | [m2]
596 76.1 1,37 539604 963,38 -11939.7 77298 208,99 444 | 12123
FP ETC FP+HP ETC+HP
Winter Coverage 35.80% 58.50% 64 89% 63.77%
Summer Coverage 100% 100%
SimpleROI 334,49 12222 25995 102,99

Studied locations: (10 locations belonging to 4 different countries)

Finland: Helsinki, Jokioinen, Tampere, Turku

Sweden: Borlaenge, Karlstad, Stockholm

Latvia: Daugavpils

Estonia:Tallin, Tartu

For the studied climatic zone, no flat plate or evacuated tube facility would be proposed. In
both cases, the large collector areas needed to serve the building make impossible the
economic viability of the technology.
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All the previous work described, represents in a general way, a feasibility study of different
solar thermal technologies when applied to a previously defined building. It was decided, in
order to realize the European comparison, to have certain insulation levels, certain window
definition and a fixed wall ratio between opaque and transparent surfaces. Those
suppositions delivered a first approximation to the feasibility of installing the studied
technologies in each European zone. That way it was found the most equitable to compare
and evaluate the technologies around Europe, but on the other hand the results should be
recalculated if the intention is applying on of the studied technologies in a determinate
location.

This chapter develops an example of joint optimization for the building described, located in a
determinate zone, through the variation of some of the parameters considered fixed in the
previous studies done. The performance increase could be done on the only base of
maximizing the solar platform utilization and reducing its ROI’s, but that direction would imply
an energy demand increase for the building. Energy demand increases would improve the
system economic figures but, increasing fossil energy costs isaantagonist result from the one
searched in this work.

The building considered in this chapter, is identical in shape and occupancy profiles to the
one moved around Europe, but thermal characteristics of its walls, floors, roofs and windows
are to be changed as well as the ratios between opaque and translucent surfaces, studied by
orientations. The initial installation prices, electrical and gas tariffs, are fitted to the actual
reality of the country initiating the building/facility set optimization in a different point to the
one obtained in previous chapters. (Building evaluation realized in this chapter was done in
January 2015 based on gas and electrical prices of a similar house, paid along 2014.)As an
example,it can be noted that price intervals used in Chapter 6.3 were wide enough to cover
all the existing prices found along Europe. Those prices are now fixed to the geographical
zone here studied.
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7.1 Initial values considered for a building placed in

Valladolid

Valladolid is a north Spanish city placed in the C2 climatic zone, as it was described in
Chapter 3: Climatic Distribution. The altitude is 735 meters, and geographical coordinates
are latitude: 41,31°08" N, longitude: 4,43'24" W.

It is positioned in the middle of "Meseta Castellana", as it is called the wide plain that
constitutes the biggest part of the "Castilla y Léon" region. On the borders of the plain,
stands an extended mountain range that decreases rains intensity and protects the inner
area from cold and hot winds. Only the west side (border with Portugal) is free of mountain:
there, air masses from Atlantic sea can penetrate bringing important rainfall in autumn.

Climate can tautly be defined as continental, with long and hard winters and dry, hot and
short summers. It is interesting to describe the factors which affect it:

o Winters are quite cold, with fairly low temperatures and generally cloudy days.
Mornings or even entire days are often foggy due to irradiation. This situation is more
severe into the valleys of the main rivers (i.e. the Duero), like Boecillo zone.

¢ In summer, the diurnal temperature range is very relevant because of daylight flux of
solar radiation, and also due to nightly radiative exchange to sky.

The climatology of the location implies a quite high heating demand for a long period; mostly
from October to May. The available solar radiation along during these months causes
appreciable temperature differences between day and night.

Considering these external conditions, it is possible to suppose a fairly high demand of
heating during winter and necessity for internal cooling in summer.

Table 69: Simulation data main parameters obtained for Valladolid city (coincident format Chapter 0)

Latitude | Altitude CDD HDD Radiation | Winterload | Summerload Latent FP ETC
Fl [m] [K/d] [Ed] |[kWh/m?y] summerload m2] | [m2]
41.63 735 7033 | 350445 | 1537416 -3927.14 3468.06 463.98 17.74 | 12.435

FP ETC FP+HP ETC+HP

Winter Coverage 62.53% 65.34% 70.09% 68.33%
Summer Coverage 92.37% 91.67%
Yearly fossil costs 308.88 284 14 30621 326.12
SimpleROI 2410 23.03 1233 12.54
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Table 70: Climate values for Valladolid (reference period 1971-2000)

T |TM | Tm | R | RH | DR | DN | DT | DF | DH | DD I
(C) | CO | CC) | (mm) | (%) | @) | @ | (d | @ | @ | @ | (Wmo)
Jan | 40 | 83 | 00 | 40 83 7 3 0 1 | 17 4 100
Feb | 6.1 | 114 | 09 | 32 72 6 2 0 4 12 4 141
Mar | 84 | 150 23 | 23 62 5 1 0 2 8 6 209
Apr | 101 | 163 | 40 | 44 62 8 1 1 1 4 222
May | 13.8 | 205 | 7.2 | 47 61 9 0 4 1 1 4 260
Jun | 181 | 259 | 107 | 33 54 5 0 3 1 0 7 310
Jul | 21,7 | 304 | 133 | 16 47 3 0 3 0 0 15 352
Aug | 21,6 | 298 | 13,6 | 18 49 3 0 3 0 0 13 330
Sep | 181 | 257 | 109 | 31 56 4 0 2 2 0 8 244
Oct | 128 | 188 | 69 | 42 69 7 0 1 3 1 5 176
Nov | 7.7 | 126 | 29 | 51 78 6 0 0 8 8 5 114
Dec | 50 | 88 | 13 | 356 84 8 1 0 10 | 13 3 81
Total | 123 | 186 | 62 | 435 | 65 | 71 8 17 | 42 | 61 | 76 | 2534

T: monthly average temperature; TM: monthly average of highest daily temperatures; Tm- monthly average of lowest
daily temperatures; R- monthly average of ramnfall; RH: monthly average of relative humidity; DE: monthly average
of ramny days (ramfall = lmm); DN: monthly average of snow days; DT: monthly average of storm days; DF:
monthly average of foggy days; DH: monthly average of frost davs; DD: monthly average of cloudless days; I:
monthly average of sunny hours

Table 69 and Table 70 represent in a monthly and yearly base the weather climatology in
Valladolid and a resume of the results obtained in that climatic conditions when the studied
building plus the solar system is placed in the location.

In previous chapters, the variation of monetary parameters where studied to explain the
economical evolution of the problem when installation and fuel prices change. Now, for this
determinate clima, the parametrical study was done on the building thermal characteristics to
find the optimal set building/solar facility in Valladolid, keeping constant 100 square meter
building area and the defined compactness ratio. It was expected before the realization of the
thermal building variation that the increase on building behaviour would be in some cases
negative in economic terms for the solar plant, but the resultant facility and the building would
save money and energy when both would be optimized together.
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The parameters studied were:

e Percentage of the external surface covered by windows from the total of the external
walls (defined by orientations)

e U-value from walls, windows, roof and floors
e Transparency factors of the window glasses

e Air renovation rates.

The first approach to study all these parameters was done on the basis of the minimum
values accepted by the Spanish building norm for Valladolid. This minimum values fix a
reference to relate the quality of the materials/building components with the studied ones and
the saturation of potential improvements curve.
Valladolid is placed into the Spanish building norm in zone D2, which obliges to assure:

e Opaque facades and walls in contact with soil: Uymin: 0.66W/m?K.

e Floors with soil contact: Ugmin: 0.49W/m?2K.

e Roofs: Ugmin: 0.38W/m2K.

¢ Window limits depends on the fagade orientation and the internal building loads.

Table 71: Parameters defined by the Spanish Building technological Code for Valladolid

Maximum Uvalue accepted for translucent surfaces g value for the window glass
[W/m2K] Low internal loads High internal loads
% wanslucent| enw e s SE/SW EwW s SE/SW EwW s SE/SW
surfaces
0to10 3,5 3,5 3,5 3,5
11t0 20 3 3,5 3,5 3,5 - - - - - -
2110 30 2,5 29 3,5 3,5 - - - 0,58 - 0,61
31to 40 2,2 2,6 34 3,4 - - - 0,46 - 0,49
4110 50 2,1 2,5 32 3,2 - - 0,61 0,38 0,54 0,41
51 to 60 1,9 2,3 3 3 0,49 - 0,53 0,33 0,48 0,36

Page 176 of 223



Evaluation of different sets Building/system for a determinate climate

7.1.1  Variation of the transparent external surfaces by orientation

Variations have been done in all the implicated parameters to analyse the repercussion of
each one of them in the efficiency of the set building/solar systems.

For each orientation, the amount of transparent surfaces has been varied from the initial 20%
of glass surface to a maximum of 100% glass fagade. The five orientations tested South,
East, West, South East and South West develop similar behaviours when the glass surfaces
are incremented, although the incidence for the southern orientations is much more
important due to the solar collecting effects along the summer season which highly increase
cooling loads. In heating periods, the associated building costs decrease due to an increase
of the solar energy caption but the sum of both effects, heating and cooling, creates a yearly
demand increase directly related to the fagade glass percentage. Figure 54 shows the above
explained building behaviour and how the solar facilities installed only to deliver hot water for
DHWS and building heating loose efficiency when the glass surfaces increase. In those
cases, the heating demand is lowered and the installed system deliver less energy to the
building when there is solar radiation available, most of the time along spring and autumn,
while on the other hand the solar facility increases the energy delivered in summer time to a
building that has increased its cooling necessities much with the glass percentage increase.

Window percentage on South facade vs Building demanded kWh and simple ROI's

18000 40

16000

14000

12000

10000

8000

40% 60% 80% 100%
m kWh Winter = kWh Summer i Total kwh Demand
~——ROlI Flat Plate ~——ROI HP Flat Plate ~——ROI Evacuated Tubes
~———ROI HP Evacuated Tubes

Figure 54: Building demands and simple ROI’s for the solar systems when varying % of glass in south
facade.

Three conclusions can be extracted from these options.

1. A change in the solar system dimensioning has happened, caused by the cooling
demand increase. Up to a determinate glass surface, cooling building demands
become more important than the heating ones, optimizing the solar plant to cover the
maximum heating demand (which absolute value is lower than the cooling one).
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The increase of cooling demand provokes higher returns of investment for the solar
system, but the total energy costs for the building owner increases. The solar facility
is better covering the cooling demand in terms of percentages, but in absolute values,
the cooling demand not satisfied by the renewable installation is now bigger than for
the initial cases of 20% glass surfaces, causing a negative effect in energetic and
economical aspects.

The window orientations which influence more on the complete building/solar system
are South, South West, South East, West, East respectively, as seen in Figure 55.

Yearly economical costs not covered by the renewable facility

Window percentage by facades vs yearly costs and simple ROl's
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Figure 55: Yearly costs and simple ROI’s based on the percentage of window area by wall orientation
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7.1.2 Variation of the gs factor of the transparent

G factor is a coefficient for measuring the amount of solar radiation entering through a glazed
unit. The unit of 'gs', known as the solar factor, is represented as a percentage of the total
incident radiation that enters through the glass. This includes the direct radiant influx as well
as the infrared radiation that is absorbed by the glass and then re-emitted internally. Solar
control glass helps to gain control over infrared radiation, as well as solar gains.

It is expected, from the variation of g factors for the designed windows, that a decrease on
the parameter would create higher demands during the heating season and lower in the
cooling ones. This effect would decrease the economic benefits of the solar facility due to the
difficulty of providing more energy in winter (low solar radiation availability) and over
production of solar cooling in summer time, not demanded by the building. Figure 56 shows
the evolution of the building demands and the simple returns of investment of the solar
system when decreasing the glass transparency.
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14,5
10000 14
8000 | 13,5
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gs factor for external windows

mm KkWh Winter  mssm kWh Summer = Total kwh Demanded — ===roi

Figure 56: gs factor variation for the transparent surfaces vs energy demanded and simple Roi periods
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7.1.3 Variation of U-values for surfaces with exposed to the
environment

In this category, the heat transfer coefficient (U-value) of walls, roofs and windows are
varied. U values are changed for the studied basic case of 20% windows on the external
walls for each orientation:

e External walls U-value change from the initial 0.5 W/m?K to a minimum of 0.3.
e Windows change from 1 to 0.7 W/ m*K.

¢ Roofs change from 0.4 to 0.3, although Spanish norms for the studied zone don’t
allow going over 0.35 W/ m?K.

The results obtained after studying the three parameters deliver similar results. Further
improvements on the envelope coefficients save energy along the heating season increasing
the demands in warm periods, but always the decreasing of heating demands are more
important that cooling increases, in energetic or economical terms. The higher differences
appear when improving the external walls, from 0.5 to 0.3 W/ m?K with variations up to +14%
in heating and cooling modus when compared with the +5% obtained with windows and roof
variations.

From a solar facility point of view, the resultant installation size doesn’t change, increasing in
both periods the solar coverage and profiting the simple ROI of the higher electrical costs
existing in summer time and the higher quantitative decrease of kWh demanded in the
heating season. Figure 52, Figure 53 and Figure 54 represent the explained evolution.
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Figure 57: U-value variation of the external walls vs energy demanded and simple Roi periods
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Figure 58: U-value variation of the external windows vs energy demanded and simple Roi periods
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Figure 59: U-value variation of the roofs vs energy demanded and simple Roi periods
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7.1.4 Variation of air renovation rates

Renovation rates, keep the internal air quality into determinate levels assuring proper
ventilation of the occupied zones.

This parameter is the only one studied in this chapter that can be treated as active, due to
the existing possibility of changing its value during working periods, and opposed to the
previous ones that are kept stables for the complete building life with the unique exception of
material time degradation.

The initial simulated value of 0.5 full air renovations each hour can be considered as the
minimum one that keeps the air into acceptable conditions although higher renovation rates
could provide higher air quality levels but causing most of the times an increase on the
heating loads based on the air temperature difference between the environment and the
internal building conditions.

A ventilation rate of one air renovation/hour has been studied for all the previous cases to
understand how double ventilation affect a building with different characteristics. The
obtained values after simulating the options studied in 7.1.1, 7.1.2 and 7.1.3 deliver similar
results. There is a 20% increase for the heating demand, cooling demands decrease around
a 25%, the resulting solar facility has shorter return of investment periods (-8%) but the
yearly costs increases up to 35% although the solar facility introduce energy in the building,
but less in relative terms that the demand increases.
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7.2 Improved values for a building placed in Valladolid

The building geometry is to be studied in two different ways that could be defined as passive
and active. The passive option keeps the building parameters constant along the year and no
actuation over shadows or ventilation rates would be done, while the active one does allow
the control of external gains as a function of the year time.

A wide enough number of building thermal simulations have been realized to abstract from
the heating and cooling demands obtained, a correlation between them and ventilation rates,
wall insulation, percentage of windows for each fagade, and all the variables previously
exposed. (Chapter 4)

7.2.1  Results obtained from a “passive building design”

In this evaluation, all the studied variables were moved into the studied intervals and kept
constant along the year. As it was foreseen, ventilation rates resulted to be critical for the
building study, being always the solutions correspondent with minimum renovation rate the
ones that keep controlled building demands. Other limiting values found were those related
to thermal insulation concepts that show a need of lower thermal resistances for external
walls and windows. This solution helps in the aim to control building demands in both winter
and summer periods. There is no obtained improvement with U-values over to 0.4 W/m?K for
the external walls or 0.9 W/ m?K for the installed windows.

It has been obtained, a number of possible building configurations that decrease building
demands and at the same time shorten the number of years needed to amortize the solar
facility investment. This solution balances heating and cooling demands with respect to the
solar availability by decreasing winter demands, when the renewable installation was not
able to cover more than the 70%, and at the same time, summer needs will not increase so
much, allowing the facility to reach slightly higher efficiencies. The design of those facades
exposed to direct radiation tries to maximize solar collecting along heating season while in
summer, due to the solar height, does not increase so much the building loads.
The studied case is defined by:

e 0.5ren/h as ventilation rate

e 0.3 And 0.7 W/m?K as External walls and windows U-values respectively.

e 20% window area for South, Southeast and Southwest orientation.

e 65% as transparency factor for the glasses installed in South, Southeast and
Southwest facades.

e 40% window area for East and West orientations.

e 20% as transparency factor for East and West installed glasses.
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Table 72: Simulation data main parameters obtained for the “passive building design”

Latitude | Alitude | CDD HDD | Radiation Winterload | Swsmmmcr load Latent FP ETC
[l [m] [Kd] [Kid] [Wiml] summerload [ml] [ml]
41.65 735 7033 | 330445 | 157416 -2701.80 3340.72 506.97 17.74 | 1244
FP ETC FP+HP ETC+HP
Winter Coverage 67.87% 68.95% 72.73% 71.99%
Summer Coverage 9321% 92 93%
Yearlv fossil costs 23931 217.72 247.08 257.70
SimpleROI 26 88 2571 1198 12.08

Results obtained in the case related in this chapter show how the Return of Investment times
where increased in both cases where the collected energy is only introduced in the building
for heating (Building demands where decreased along this period for the same size of solar
facility) while Thermally Driven Solar Systems are used all along the year, ROI's where
decreased despite the building is demanding less energy. In Table 69 and Table 72 were
added a row called “Yearly fossil costs” to facilitate a comparison for the yearly energy costs
not provided by the solar system. This parameter is at least a 23% lower in each of the four
studied cases for the improved building when compared to the base one.

Page 184

of 223




Evaluation of different sets Building/system for a determinate climate

7.2.2 Results obtained from an “active building design”

The observed economic and thermal behaviour, with increased demands along the winter
season and decreasing ones in summer when the ventilation rate is increased, in conjunction
with a better window ratio and different thermal characteristics of building elements, suggest
that the combination of all the studied parameters can minimize the fossil fuel dependencies,
introducing in the building similar rates of renewable energies. Moreover, if it is intended to
install fixed external shadowing on the facades to minimize solar gain effects during summer
time without obstructing winter solar collecting. The obtained values obtained for the studied
building show equilibrium between winter/summer demands related to seasonal solar
radiation availability.

The building object of study has been “redesigned” in terms of thermal insulation for walls
and windows as well as the fagade percentage that windows cover, defined by orientation.
Thermal insulations have been settled in the minimum value of the studied interval while the
glass surfaces were incremented in every orientation except for the ones north oriented that
would never increase the direct solar gains in winter time, when needed to decrease heating
demands. South and South-east/South-west facades increase their glass surface up to a
60% of the total external surface, while West and East fagade percentages comes up to
80%. In order to control solar gains along the summer season, fixed solar shadows are
installed for each orientation, obtaining a 60% of window shadowing and ventilation rates are
doubled to refresh conditioned area. Precooling strategies can be developed because of the
“low” external night air temperatures registered.

The obtained results are the following:

Table 73: Simulation data main parameters obtained for Valladolid after improving the building

Latitude | Altitude CDD HDD Radiation | Winterload | Summerload Latent FP ETC
] [m] [K/d] [Kd)  |[kWh/mzy] (kWh/y] [kWh/y] surnmerload [m2] [m2]
41.65 735 7053 | 330445 | 137418 -2315.05 427973 5354.12 1774 | 1244
FP ETC FP+HP ETC+HP
Winter Coverage 65.09% 68 8% 71.83% 71.36%
Summer Coverage 98.42% 97.84%
Yearly fossil costs 231.32 206.74 186.63 188 42
SimpleR.OI 26.59 2534 11.73 11.89
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7.2.3 Conclusions obtained after improving simultaneously building and solar
system

Results calculated with the general building, studied in Chapter 4 and Chapter 6, have been
further improved by modifications on the passive and active building design.

Passive measurements applied on the building led to a significant sensible demand decrease
in winter periods (-31%) but only a small one (-4%) along the summer. (Table 74)

Table 74: Ratios between the general design case and one with passive improved measurements in
terms of building loads (Representative C2 clima zone)

Winter Summer Latent
load load summer
load
-31.20% -3.67% 9.27%

The combination of demand decreases with an increase of summer and winter solar
coverage leads to an approximate twenty per cent economical savings for every studied
solar facility. (Table 75)

The return of investment results vary, depending on the kind of use for which the solar
systems where designed. If solar facilities where thought only to deliver hot water for heating
and DHW along the year, payback periods increase because although solar coverage is
higher and heating demand lower, solar availability is not enough. On the opposite side, if the
system was designed with a HP able to deliver heating in winter and cooling in summer time,
the increase efficiency obtained with the use of the thermal machine leads to shorter
payback periods around a 3%.

Table 75 : Ratios between the general design case and one with passive improved measurements in
terms of solar coverage, yearly costs and simple ROI’s (Representative C2 climatic zone)

FP ETC FP+HP ETC+HP
Winter Coverage 8.54% 5.20% 3.77% 5.36%
Summer Coverage 0.91% 1.37%
Yearly fossil costs -22,52% -23,38% -19.31% -20,98%
SimpleROI 11.54% 11.64% -2.84% -3.67%
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The problems found in this case were related to the necessity of decreasing energy losses
and increasing solar gains in winter period without increasing much building cooling needs in
summer time. The first case of study was defined as “passive redesign” and it wasn’t
possible the application of new ventilation strategies or solar radiation blocking ones, in
dependency with the internal conditions. These limitations only left open the options of
improving the external walls from an energy losses point of view and increasing the window
area up to a limit that would increase much summer loads being the new design contra
productive from an economical point of view.

The commented limitations didn’'t exist when passive and simple active strategies where
studied as a whole, and useful measurements to decrease winter loads, as can be an
increase of window area in the sunny orientations with blinds or fixed shadowing devices that
could limit incident radiation in summer time. If solar radiation blocking is combined with an
increase of air renovations (in the studied case, most of the summer the external air
temperatures are under 26°C allowing free cooling and pre cooling strategies), the
combination of the building and the solar facility have great behaviour.

Table 76: Ratios between the general design case and one with passive & active improved
measurements in terms of building loads (Representative C2 clima zone)

Winter Summer Latent
load load s &
load

-41..05% 23.40% 19.43%

In this particular case, Table 76 shows that the increase of most transparent areas
decreases up to a 41% the heating building demand but, although solar shadowing and
ventilation increases in summer time, cooling demand increases up to 23,4%. This
combination delivers better solar coverage in winter time when compared to the base
simulation case, but lower when done with the passive measurements case. As it has
happen previously, building demands are lowered and the solar availability is not enough for
complete demand coverage, and later on, when the sun potential is higher, this building does
not demand any more heating. On contrary, summer cooling demands are higher but online
with the solar availability, (higher window areas decrease the thermal insulation of the
external walls, making the controlled zones much more dependent on the external weather
conditions), being increased the summer coverage around a 6,5 % compared to the base
case. This value corresponds to summer coverage percentages of 98% of the cooling
demand. (Table 77)

In terms of yearly costs, the active & passive building design needs less money to pay
consumes associated to the solar back-up fossil systems, being ROI periods larger for the
only-heating case and lower for the heating and cooling ones.
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Table 77: Ratios between the general design case and one with passive & active improved
measurements in terms of solar coverage, yearly costs and simple ROI’s (Representative C2 clima

zone)
FP ETC FP+HP ETC+HP
Winter Coverage 4. 09% 4 .97% 2.48% 473%
Summer Coverage 6.55% 6.73%
Yearlv fossil costs -23.11% -27.24% -39.03% 42 22%
SimpleROI 10.33% 10.03% -4.87% -3,18%
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8. Conclusions

A summary of the conclusions obtained is described in the following points:

1.

Relationship between climate conditions and building: When comparing climatic
zones and energetic behaviour of a building located in different places, it is not
enough to use the deviation between the internal ambient temperatures and the
external dry air ones. Heating degree days define the exposition of a building to
climatic changes where the importance of radiation and humidity (external and latent
loads) is less important that the energy losses to the ambient. As it was described in
the Appendix A, in long term comparisons the importance of temperature differences
inside the building and the external conditions drive the highest part of the building
energy changes with the ambient, but, when the aim of the study is based on short
time magnitudes (i.e.: hourly and daily) the importance of the radiation acting on the
external walls and the humidity contained in the renovation air becomes important.
Moreover, if the studies to be developed are done over buildings whose behaviour
depends on how clear the days are, as could be buildings with high glass window
fraction on the facades, then the effects caused by solar radiation should be always
taken into account.

Climatic Severity classifications: Theyallowed to divide Europe into a limited number
of zones where the behaviour of a determinate building is similar. From the results
obtained, it is seen how the differences appear in Europe mostly in Winter time where
it can be appreciated climatic variations from South Europe until latitudes around 50°
North. During the summer season, mostly every location above 45°N latitude have a
similar weather condition. In both cases, the main variables that define the climatic
conditions are the latitude, proximity to water masses and altitude over the see.

Highest latitudes leads to shorter days in winter and longer ones in summer time .The
ratio between the collected solar radiation in summer time and winter time goes from
the four times occurring in warm places, to the seven times higher of cold locations.
That means, that in summer time, three months in this work, the coldest European
places collect a 90% of the solar radiation available on the year, and there is no
building with enough heating or cooling load where that radiation, in a short time
period, could be used. For the rest of the year, nine months, there is only a 10% of
available radiation to drive thermal technologies, what made the solar solution not
acceptable for those latitudes.
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4. Combination of solar thermal collectors with heat pumps permits a quicker
reimbursement of the installation costsdue to a better utilization of both technologies.
The utilizability of solar thermal energy in winter time increases with the use of heat
pumps from a 3% in the warmest winter zones to a 12 % in cases where winters are
colder. This increased period helps to amortize the facilities along the year. The
increased efficiencies and the combined potential derived from winter and summer
use is represented in Table 78 and Table 79. It is seen how in Table 78, only the
three warmest winter European zones have payback periods under 20 years for the
two simple solar thermal layouts, without the application of helping monetary politics.

On the other hand, Table 79 represents the same option, but for the facility layouts
that integrate heat pumps in the loop. For this last case, the number of climatic zones
is increased from the warmest European places, with more important cooling loads
than heating ones, to zones where the energy demand of both cases are equal or
even, in some zones where heating demand is a little bit higher than cooling ones.
There utilization of evacuated tube collectors obtain better results for those colder
zones. (Classes B3 and C2 to C5)

Table 78: Return of Investment simple for solar thermal installations (FP and ETC) around Europe
without the application of monetary politics (Only values smaller than 20 years appear)

Summer Climatic Severities's Summer Climatic Severities's
Flat Plate Evacuated Tubes
" Class Class Class Class Class . Class Class Class Class Class
Rol [y] Exc._ Heat Fxc. Cald Rol[y] Exc. Exe. Cold
A B C D E Heat A B C D E
Exc. = Exc.
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£ Class 1| 1684 5 |casst] 1826 | 1716
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k= Class 3 £ Class 3
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Table 79: Return of Investment simple for solar thermal installations with Heat pump (FP and ETC)
around Europe without the application of monetary politics (Only values smaller than 20 years appear)

Summer Climatic Severities's Summer Climatic Severities's
Flat Plate + HP Evacuated Tubes + H
; Class Class Class Class Class ; Class Class. Class Class Class
Rol [y] Fxc. Heat Exc. Cold| Rol[y] . [Exc. Cold|
A B C D E Heat A B C D E
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= Heat E Heat
2 E
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5. Financial supporting policies: In order to introduce or push the utilization of solar

thermally driven technologies along Europe, there were proposed two different
strategies to subsidize the installations. A first one based on helping the facility
owners with the installation initial costs and second one based on prizing the
renewable energy introduced into the system. In some cases, only a combination of
both would bring the systems into profits close to 10 years, considered enough for a
technological expansion.

Further discussions should be done on the way of applying the subsidies, because
the amounts needed for each installation depends directly on the geographical
placement of the facilities and quality of the studied buildings, a situation that causes
“‘legal” asymmetries. With subsidies thought for users located in colder zones, the
ones sited in warm places would obtain higher profits and vice versa.

Table 80 and Table 81 represent the potential returns of investment obtained after the
application of different subsidiary politics. In comparison with previous Table 78 and
Table 79, application of subsidies increased the number of zones where simple solar
thermal facilities could be installed and decreased the amortization periods for Heat
pump based layouts. To be observed that lower values always appear for warmer
zones.

Table 80: Potential ROI's obtained after the application of different subsidies combination on simple
solar thermal facilities (FP, ETC) (Approximated values)

Summer Climatic Severities's Summer Climatic Severities's

Flat Plate Evacuated Tubes
. Class Class Class Class Class ; Class Class Class Class Class
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Table 81: Potential ROI’s obtained after the application of different subsidies combination on Heat
Pump based solar thermal facilities (FP, ETC) (Approximated values)
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6. Building and facilities joint optimization as a single system: Combinations between
energy efficient buildings and the proposed facilities may obtain better efficiencies
than the studied cases but in those cases the set building/facility design must be
done jointly. Solutions that minimize building demands can increase drastically the
number of years needed to recover the investments done. Higher insulation levels
and window qualities, combined with control on the ventilation rates and installation of
fixed / controlled shadowing systems, allow further solar facility designs that increase
the delivering of renewable energy at the same time that the overall building demand
decreases.

7. The facilities studied tried to fully cover one of the two seasonal demands as a
premise.

Itis clear that:
e In case of studying solar thermal facilities without heat pumps in the layout.

e and without the intention of covering as maximum as possible of the lower
seasonal demand,

Small collector areas would obtain acceptable payback periods by only covering
domestic hot water demands and a portion of building heating demands. For the
Valladolid case, studied in Chapter 7, the installation of 25%, 20%, 15% and 10% of
the proposed area is described Figure 60. It can be noticed that the smaller
installation could fully cover the DHW demands from April to October. This kind of
facilities were not object of study in this work.
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Figure 60: Yearly behaviour of a solar plant optimized for summer operation and four others with 25%,
20%, 15% and 10% of its collector area.
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8.1 Further research

It would be interesting to follow the actual work with:

1.

Potentiality studies of the combination of solar photovoltaiccollectors and Air to Air,
water to air or water to water heat pumps, keeping similar supposes as were done
with the previous work. (No energy is sold or accumulated for more than a day)

Introduction into the studied problem that calculates ideal simple ROI’s, of storage
and energy losses due to distribution and control strategies. This second
approximation would fit better to the real amortization periods, but need of more
accurate simulation engines that allow an exact thermodynamic representation of the
layouts.

Developing of new methods to dimension solar thermal facilities, the elements to be
installed in them and the building in a linked way. In these methods, every single
building component should be economically rated to obtain the compressive ROI.

It has been seen, that in Europe the proposed layouts only obtain acceptable results
for latitudes under approximately 45° North. These values represent only a small part
of the total studied area, but if those limits are extrapolated to the complete world and
supposed symmetrical behaviour of the systems with the equator, the potential areas
where the studied systems could be installed represent a vast proportion of the
populated areas. It must be noticed that for each country the relation between
installation prices and substitutive energetic cost should be investigated to
extrapolate the technological potentials.

It is remarked in the north hemisphere,that red dotted lines drawn in Figure 61
represent the limits where installation of the studied technologies becomes not
profitable while the green line is a geographical southern limit of the locations studied.
From the results obtained, it can be said thatthe more to the south the facility, the
easier is obtaining short return of investment periods.In the south hemisphere the
results should be symmetrical.

An important part of USA, China, Japan, Argentina, Brasil, etc. are potential places to
install THDP within the studied boundaries. If supposed, that moving the facilities
south in northern hemisphere and north in the southern one, improves system
profitability, the oceanic continent, northern and south African countries as well as
most of the Asian countries are included in the potential expansion zones.
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Figure 61: World potential areas for STDHP

Page 194 of 223



References

Authors are written using initial and surname. Books (including proceedings) are written in
italics using the original title case. Titles of papers, chapters, etc are written using normal text
with only the first word capitalized (with the exception of proper names, which may be
capitalized). Each block of bibliographic information (i.e. authors, paper title, book title, date,
location) is terminated with a period.

[1]

[2]

[3]

[4]

[5]
[6]

[7]

[8]

[9]

[10]

[11]

[12]

Agyenim F., Knight I., Rhodes M., 2010. Design and experimental testing of the
performance of an outdoor LiBr/H,O solar thermal absorption cooling system with a
cold store. Solar Energy 84, 735-744.

Albers, J., 2005. IEA Task 25, Subtask B: Design Tools and Simulation Programmes,
2005, Solar Assisted Air Conditioning of Buildings, Documentation for the SolAC
Programme, 47-53.

Ali A. H. H., Noeres P., Pollerberg C., 2008. Performance assessment of an integrated
free cooling and solar powered single-effect lithium bromide-water absorption chiller.
Solar Energy 82, 1021-1030.

Al-Karaghouli, A., Abood, I., Al-Hamdani, N.I., 1991. The solar energy research center
building thermal performance evaluation during the summer season. Energy
Conversion and Management, 32, 409-417.

Alizadeh, S., Bahar, F., Geoola, F., 1979. Design and optimization of an absorption
refrigeration system operated by solar energy. Solar Energy 76 22, 149-154.

Allen, R.W. 1974. Optimization Study of Solar Absorption Air Conditioning Systems.
Semiannual Progress Report, 15 Aug. - 15 Feb. Maryland Univ., College Park. Dept. of
Mechanical Engineering.

Alva, L.H., 2002. Air-Cooled Absorption Machine with Solar PCM-Collectors for
Applications in Tropical Climates. Master Thesis, University of Puerto Rico-Mayagliez
Campus.

Aoyama, M., and lzushi, M. 1994. Chilled Water Response of a Gas-Fired Single-Effect
Lithium Bromide Absorption Chiller due to Disturbances in the Heat Source. Hitachi
Review, Vol. 39, No 3, pp. 149-154,

Aphornratana, S., 1995. Theoretical and experimental investigation of a combined
ejector-absorption refrigerator. PhD. Thesis, University of Sheffield, U.K.

Ardehali M.M., Shahrestani M., Adams C.C., 2007. Energy simulation of solar assisted
absorption system and examination of clearness index effects on auxiliary heating.
Energy Conversion and Management 48, pp. 864-870

ASHRAE 2004, Standard 62 Ventilation for acceptable indoor air quality. American
Society of Heating, Refrigerating, and Air-Conditioning Engineers, 2004

ASHRAE standard 55:2010. Thermal Environmental Conditions for Human Occupancy.
American Society of Heating, Refrigerating and Air-Conditioning Engineers, USA 2010.

Page 195 of 223



Economical and primary energy optimization of solar thermally driven heat pump systems along Europe

[13]
[14]

[15]

[16]
[17]

[18]

[19]

[20]

[21]

[22]

[23]
[24]
[25]
[26]

[27]

[28]

[29]
[30]
[31]

[32]

ASHRAE 2009, The ASHRAE handbook 2013 - Fundamentals.

ASHRAE 2014, ASHRAE Handbook 2014. Refrigeration Handbook American Society
of Heating, Refrigerating and Air Conditioning Engineers, USA 2014.

Assilzadeh, F., Kalogirou, S.A., Ali, Y., Sopian, K., 2004. Simulation and optimization of
a LiBr solar absorption cooling system with evacuated tube collectors. Renewable
Energy XX. 1-17.

ATECYR. Foro en http://www.atecyr.org

Auh, P.C., 1979a. Development of hardware simulators for test of solar cooling/heating
subsystems and systems; phase 1. Residential subsystem hardware simulator and
steady state simulation. Brookhaven National Laboratory report BNL-51120.

Auh, P.C., 1979b. Development of hardware simulators for tests of solar
cooling/heating subsystems and systems; phase Il. Unsteady rate hardware simulation
of residential absorption chiller. Brookhaven National Laboratory report BNL-51121.
Auh, P.C., 1979c. Evaluation of performance enhancement of solar powered
absorption chiller with an improved control strategy using the BNL-built hardware

simulator. Proc. International Solar Energy Society Silver Jubilee Congress, Atlanta,
GA, 175

Balaras, C.A., Grossman, G., Henning, H.M., Infante Ferreira, C.A. Podesser, E.,
Wang, L., Weinken, E., 2007. Solar air conditioning in Europe — an overview.
Renewable and Sustainable Energy Reviews 11, 299-314.

Balghouthia,M., Chahbanib M.H., Guizani A., 2008. Feasibility of solar absorption air
conditioning in Tunisia. Building and Environment 43, 1459-1470

Best R., 2007. Recent developments in thermal driven cooling and refrigeration

systems. 1% European Conference on Polygeneration. Tarragona, Spain. Proceedings
of congress, 183-198.

Best, R., Ortega, N., 1999. Solar refrigeration and cooling. Renewable Energy 16, 685—
690.

Blinn, J.C., 1979. Simulation of solar absorption air conditioning. Master of Science on
Chemical Engineering. University Wisconsin-Madison.

Bong, T.Y., Ng, K.C., Tay, A.O., 1987. Performance study of a solar powered air
conditioning system. Solar Energy 39 (3), 173—-182.

Bujedo L.A., Rodriguez J., y Martinez P.J., 2006 Comparison of Solar Cooling
Dimension Methods, Proceedings ISES European Congress, Glasgow.

Bujedo, L.A., Rodriguez, J., Martinez, P.J., 2007. Study the optimum working
temperature for a real solar cooling absorption facility in Valladolid. ISES Solar World
Congress 4, 2262—-2265.

Bujedo, L.A., Rodriguez, J., Martinez, P.J., Rodriguez, L.R., y Vicente, J., 2008.
Comparing different control strategies and configurations for Solar Cooling. ISES
EuroSun 2008, Lisbon (Portugal).

Bunea, M et Al.2012, Performance of solar collectors under low temperature
conditions:Measurements and simulations results

Butz, L.W., 1973. Use of Solar Energy for Residential Heating and Cooling. M.S.
Thesis, Mechanical Engineering, U. de Wisconsin-Madison

Butz, L.W., Beckman, W.A., Duffie, J.A., 1974. Simulation of a solar heating and
cooling system. Solar Energy 16, 129-136.

CEN CR1752, 1994: Ventilation for Buildings: Design Criteria for the Indoor
Environment,, 1998

Page 196 of 223



References

[33]

[34]

[35]
[36]
[37]

[38]

[39]
[40]

[41]
[42]

[43]

[44]

[45]

[46]

[47]
[48]
[49]
[50]
[51]
[52]

[53]

Chow, T.T., Zhang, G.Q., Lin, Z., Song, C.L., 2002. Global Optimization of Absorption
Chiller System by Genertic Algorithm and Neural Network. Energy and Buidings 34,
103-109.

Chua, H.T., Gordon, J.M., Ng, J.K., Han, Q., 1997. Entropy production analysis and
experimental confirmation of absorption systems. International Journal of Refrigeration.
Vol .20 N° 3.

Chua, H.T., Toh, H.K., Ng, K.C., 2002. Thermodynamic modeling of an ammonia-water
absorption chiller. International Journal of Refrigeration 25, 896-906

Chung, R.J., L&f, G.O.G., Duffie, J.A., 1959. Solar Space Cooling. Chemical
Engineering, Vol. 55, 4.

Chung, R.J., Duffie, J.A., L6f, G.O.G. 1963. A study of a Solar Air Conditioner. Mech.
Eng. 85, 31.

Clauss, V., Kuhn, A., Ziegler, F., 2007. A new control strategy for solar driven
absorption chillers. 2" International Conference Solar Air Conditioning. Tarragona,
Spain.

Colle, S., Vidal, H., 2004, Upper bounds for thermally driven cooling cycles optimization
derived from the f-®- chart method, Solar Energy 76.

Corchero M.A., Ortega M.G., Rubio R.R 2004 .Aplicacion del control robusto H~ a una
planta solar. XXV Jornadas de Automatica de Ciudad Real. 2004

CTE2006 :Spanish building code. Cédigo Técnico de la Edificacion 2006

Day A.R, Jones P.G., Maidment G.G., Forecasting future cooling demand in London,
Energy and Buildings 41 (2009) 942-948.

De Carli M., Hause G., Schmidt, D., Zecchin P., Zecchin R., 2002. An Innovative
Building Based on Active Thermal Slab Systems.

Diakaki C., Grigoroudis E., Kolokotsa D.. Towards a multi-objective optimization
approach for improving energy efficiency in buildings. Energy and Buildings, 40, 9,
pp.1747-1754, 2008.

DIN V 18599:2007. Energy efficiency of buildings - Calculation of the net, final and
primary energy demand for heating, cooling, ventilation, domestic hot water and
lighting.

Doosam Song, Taeyeon Kim, Suwon Song, Suckho Hwang, Seung-Bok Leigh, 2008.
Performance evaluation of a radiant floor cooling system integrated with dehumidified
ventilation. Applied Thermal Engineering, 28, 1299-1311.

Dorato P 1983., Optimal temperature control of solar energy systems, Solar Energy Vol
30 n 2, 147-153, 1983

Duffie, J. A and Mitchell J.W., 1983. f-Chart: Predictions and Measurements. Journal of
Solar Energy Engineering, 105, 3-9.

Duffie, J.A., Beckman, W.A., 1991. Solar Engineering of Thermal Processes, 2nd ed.
Wiley-Interscience, New York. ISBN: 0471510564.

Duffie, J.A. Mitchell, J.W., 1983. f-Chart: Predictions and Measurements. Journal of
Solar Energy Engineering, 105, 3-9.

Duffie, J.A., Sheridan, N.R., 1965. Lithium Bromide-Water Refrigerators for Solar-
Operation. Mech. and Chem. Engr.Trans., Inst. Engrs. Australia MC1, 73

Eicker, U., 2003. Solar Technologies for Buildings. John Wiley & Sons, ISBN 0-471-
48637-X.

Eicker, U., Pietruschka, D., 2009. Design and performance of solar powered absorption
cooling systems in office buildings. Energy and Buildings 41(1), 81-91.

Page 197 of 223



Economical and primary energy optimization of solar thermally driven heat pump systems along Europe

[54]
[55]

[56]
[57]
[58]
[59]
[60]
[61]

[62]

[63]

[64]

[65]

[66]

[67]
[68]

[69]

EN 12464:2011 Light and lighting - Lighting of work places - Part 1: Indoor work places.

ISO 13370:2007 Thermal performance of buildings -- Heat transfer via the ground -- Calculation
methods

EN 13779:2007. Ventilation for non-residential buildings - Performance requirements
for ventilation and room-conditioning systems.

EN-ISO 13790:2008: Calculation of energy use for space heating and cooling
EN 15193:2007. Energy performance of buildings - Energy requirements for lighting.

EN 15217:2006. Energy performance of buildings - Methods for expressing energy
performance and for energy certification of buildings.

EN 15232:2011. Energy performance of buildings - Impact of Building Automation,
Controls and Building Management.

EN 15241:2007. Ventilation for buildings- Calculation methods for energy losses due to
ventilation and infiltration in commercial buildings.

EN 15251:2007. Indoor environmental input parameters for design and assessment of
energy performance of buildings addressing indoor air quality, thermal environment,
lighting and acoustics.

EN 15316. Heating systems in buildings - Method for calculation of system energy
requirements and system efficiencies. Different parts:

-1:2007. General. -2-1:2007. Space heating emission systems.

-2-3:2007. Space heating distribution systems

-3-1:2007.Domestic hot water systems, characterisation of needs.
-3-2:2007.Domestic hot water systems, distribution.

-3-3:2007.Domestic hot water systems, generation

-4-1:2008. Space heating generation systems, combustion systems (boilers).
-4-2:2008. Space heating generation systems, heat pump systems.

-4-3:2007 .Heat generation systems, thermal solar systems.

-4-4:2007 .Heat generation systems, building-integrated cogeneration systems.

-4-5:2007. Space heating generation systems, the performance and quality of district
heating and large volume systems.

-4-6:2007.Heat generation systems, photovoltaic systems.
-4-7:2007. Space heating generation systems, biomass combustion systems.

EN 15603:2008. Energy performance of buildings - Overall energy use and definition of
energy ratings.

EN 15927-5:2012 Hygrothermal performance of buildings -- Calculation and
presentation of climatic data. Part 5: Data for design heat load for space heating.
2012

EN-ISO 15927-6:2007 Hygrothermal performance of buildings -- Calculation and
presentation of climatic data. Part 6: Accumulated temperature differences (degree-
days) 2007

Erhard, A., Hahne, E., 1997. Test and simulation of a solar-powered absorption cooling
machine. Solar Energy 59 (4-6), 155-162.

ESESA, 1996 Manual de instalacion: Grupos refrigerantes por absorcién de agua
caliente WFC-10.

ESTIF. Solar Thermal Markets in Europe. Trends and Market Statistics. June 2014

Page 198 of 223



References

[70]

[71]

[72]
[73]

[74]

[75]

[76]

[77]

[78]

[79]
[80]
[81]
[82]
[83]

[84]

[85]

[86]

[87]

[88]

Fan, Y., Luo, L., Souyri B., 2007. Review of solar sorption refrigeration technologies:
Development and applications. Renewable and Sustainable Energy Reviews 11, 1758—
1775

Farber, E.A., Flannigan, F.M., Lopez, L., Polifka, R.W., 1966, Operation and
Performance of the University of Florida Solar Air-Conditioning System. Solar Energy,
Vol. 10, 91-98

Farman, J.C., Gardiner B.G., Shankin D.J., 1985. Large losses of total ozone in
Antarctica reveals seasonally CIO,/NO, interaction. Nature 315, 207.

Florides, GA, Kalogirou, SA, Tassou, SA, Wrobel, LC. 2002a. Modeling and simulation
of absorption solar cooling system for Cyprus. Solar Energy; 72(1), 43-51.

Florides, G.A., Tassou, S.A., Kalogirou, S.A., Wrobel, LC., 2002b. Review of solar and
low energy cooling technologies for buildings. Renewable & Sustainable Energy
Reviews, 6, 557-572.

Ford B, et Al Thepassivhaus standard in European warm climates: design guidelines

for comfortable low energy homes. Part 3. Comfort, climate and passive strategies.
School of the Built Environment, University of Nottingham.

Franzke, U. y Seifert, C., 2005. Solar Assisted Air Conditioning of Buildings, IEA Task
25, Subtask B: Design Tools and Simulation Programmes. Documentation for de
SolAC Programme v1.5. Dresden 15 June.

Froemming, J.M., Wood, B.D., Guertin, J.M., 1979. Dynamic test results of an
absorption chiller for residential solar applications. ASHRAE Trans. 85 (2), 777.

Fu, D., Lu, Z., Cao, W., and Zhang, W. 2002. Dynamic Simulation of a Gas-Fired
Double-Effect Lithium Bromide Absorption Chiller. Proc. Int. sorption Heat Pump Conf.,
189-193.

Ghaddar, N.K., Shihab, M., Bdeir, F., 1997. Modeling and simulation of solar
absorption system performance in Beirut. Renewable Energy, Vol 10, N° 4, 539-558.
Gommed, K., Grossman, G., 1990. Performance analysis of staged heat pumps: water
lithium-bromide systems. ASHRAE Transactions 96 (1), 1590-1598

Gonzalez, C.A., 2004. Temperature Control of Solar Air Conditioning Systems. Ms Sc
in Electrical Engineering. Universidad de Puerto Rico Mayagliez Campus.

Goodheart, K.A., 2000. Low Firing Temperature Absorption Chiller System. MS
University of Wisconsin-Madison.

Grossman, G., Michelson, E., 1985. A Modular Computer Simulations of Absorption
Systems. ASHRAE Transactions 91 (2B), 1808-1827.

Grossman, G., Gommed, K., Gadoth, D., 1987. A Computer Model for Simulation of
Absorption Systems in Flexible and Modular Form. ASHRAE Transactions 93 (2),
2389-2428

Guertin, J.M., Wood, B.D. 1980. Transient effects on the performance of a residential
solar absorption chiller. Proc. American Section of ISES Conference , Phoenix AZ, 186

Guertin, J.M., Wood, B.D., McNeil, B.W., 1980. Residential solar absorption chiller
thermal dynamics. Report ERC-R-81013, College of Engineering and Applied
Sciences, ASU.

Gupta Y., Metchop L., Frantzis A., Phelan P.E., 2008. Comparative analysis of
thermally activated, environmentally friendly cooling systems. Energy Conversion and
Management 49, 1091-1097

Hailer m. and Frank.E 2011, On the potential of using heat form solar thermal
collectors for heat pump evaporators. Proceedings ISES Solar Word Congress, 2011,
Kassel

Page 199 of 223



Economical and primary energy optimization of solar thermally driven heat pump systems along Europe

[89] Hammad, M, Zurigat, Y., 1998. Performance of a second generation solar cooling unit.
Solar Energy 62(2), 79-84.

[90] He, L.J., Tang L.M., Chen G.M., 2009. Performance prediction of refrigerant-DMF
solutions in a single-stage solar-powered absorption refrigeration system at low
generating temperatures. Solar Energy 83, 2029-2038

[91] Henning, H.M. (Ed.), 2004. Solar Assisted Air Conditioning in Buildings -A Handbook
for Planners. Springer-Verlag, ISBN 3-211-00647-8.

[92] Henning, H.M., 2007. Solar assisted air conditioning of buildings — an overview.
Applied Thermal Engineering 27, 1734-1749

[93] Henning H.M., Motta M,.2012 . Solar Cooling Handbook A Guide to Solar Assisted
Cooling and Dehumidification Processes, 3. Edition, Springer Wien New York, Vienna,
ISBN 978-3-7091-0841-3

[94] Henning H.M., , Ddll J.,2012 . Solar systems for heating and cooling of buildings.
Abstract Energy ProcediaVolume 30, 2012, Pages 633// 1st International Conference
on Solar Heating and Cooling for Buildings and Industry

[95] Herold, K.E., Radermacher, R., Klein, S.A., 1996. Absorption Chillers and Heat Pumps.
CRC Press, ISBN 0-8493-9427-9.

[96] Homma R., Nishiyama N., and Wakimizu H., 1994. “Simulation and Experimental
Research of Single-Effect Absorption Refrigerators Driven by Waste Hot Water.”
Proceedings of the International Absorption Heat Pump Conference, New Orleans,
Louisiana, 273-278.

[97] Huang Y.J., Ritschard R., Bull J., Chang L., Climatic indicators for estimating

[98] residential heating and cooling loads, Report LBL-21101, Lawrence Berkley
Laboratory, Berkley, 1986.

[99] IEA-SHC, Task 38: Solar Air Conditioning and Refrigeration. A. Preisler (Ed.) 2011. D-
A5: Installation, Operation and Maintenance Guidelines for Pre-Engineered Systems.
Appendix 1: List of existing small scale solar heating and cooling plants.

[100] IPCC 2006 IPCC Guidelines for National Greenhouse Gas Inventories, Prepared by
the National Greenhouse Gas Inventories Programme. Eggleston H.S., Buendia L.,
Miwa K., Ngara T. and Tanabe K. (eds). Published: IGES, Japan, 2006. Available at
http://www.ipcc-nggip.iges.or.jp/public/2006gl/index.html

[101] IPMVP2010, International Performance Measurement and Verification Protocol -

Volume |: Concepts and Options for Determining Energy and Water Savings, EVO
2010.

[102] ISO 7726:1998. Ergonomics of the thermal environment - Instruments for measuring
physical quantities. : International Organization for Standardization 1ISO7726, 1998

[103] ISO 7730, 1994 Moderate thermal environments. Determination of the PMV and PPD
indices and specification of the conditions for thermal comfort. : International
Organization for Standardization ISO7730, 1994.

[104] 1SO 8996. Ergonomics. Determination of metabolic heat production.International
Organization for Standardization ISO 8996

[105] ISO 9920. Ergonomics of the thermal environment. Estimation of the thermal insulation
and evaporative resistance of a clothing ensemble. International Organization for
Standardization 1SO 9920

[106] Jakob U., 2008. New concepts and promising technologies. Sustanaible Cooling
Systems, TECHbase Vienna, 31° of March.

[107] Jeong, S., Kang, B. H., Lee, C. S., Karng, S. W. 1994. Computer Simulation on
Dynamic Behavior of a Hot Water Driven Absorption Chiller, Proceedings of the

Page 200 of 223



References

International Absorption Heat Pump Conference 31, American Society of Mechanical
Engineers, Advanced Energy Systems Division, 333-338.

[108] Jordan, U, Vajen, K 2001 “Realistic Domestic Hot-Water Profiles in Different Time
Scales” Marburg University. IEA SHC Task 26.2001

[109] Joudi, K.A. Abdul-Ghafour, Q.J. 2003. Development of design charts for solar cooling
systems. Part I: computer simulation for a solar cooling system and development of
solar cooling design charts, Energy conversion and Management 44.

[110] Joudi, K.A. Abdul-Ghafour, Q.J. 2003b. Development of design charts for solar cooling
systems. Part II: Application of the cooling f-chart. Energy conversion and Management
44.

[111] K4ARES-H, 2006. Solar Assisted Cooling-State of the Art, Key Issues for Renewable
Heat in Europe, Solar Assisted Cooling-WP3, Task 3.5, Contract
EIE/04/204/S07.38607, 21.

[112] Kasuda, T., and Archenbach, P.R.1965. "Earth Temperature and Thermal Diffusivity at
Selected Stations in the United States", ASHRAE Transactions, Vol. 71, Part 1, 1965

[113] Kim, D., Infante Ferreira, C., 2008a. Solar refrigeration options — a state-of-the-art
review. International Journal of Refrigeration 31, 3-15.

[114] Kim, D., Infante Ferreira, C., 2008b. Analytic modelling of steady state single-effect
absorption cycles. International Journal of Refrigeration 31, 1012-1020.

[115] Kim, D. S., Wang, L., and Machielsen H. M. 2003. Dynamic Modeling of a Small-Scale
NH3/H20 Absorption Chiller. Int. Congress of Refrigeration, Vol.2, 210-217.

[116] Klein, S.A., Beckman W.A and Duffie J.A., 1976. A design procedure for solar heating
systems. Solar Energy, Vol 18, 113-127

[117] Klein, S.A., Beckman W.A and Duffie J.A., 1977. Solar heating design by the f-chart
method, John Wiley & Sons, New York.

[118] Klein, S.A., 1978. Calculation of flat-plate collector utilizability. Solar Energy 21, 393—
402.

[119] Klein, S.A., Beckman, W.A., 1979. A General design method for closed-loop solar
energy systems. Solar Energy 22, 269-282.

[120] Klein, S.A., Beckman, W.A., 1984. Review of solar radiation utilizability. Journal of
Solar Engineering. Transaction of the ASME 106, 393—402.

[121] Klein S.A., Cooper, P.I, Freeman T. L., Beckman, D.M., Beckman W.A. y Duffie J. A,,
1975. A Method Of Simulation Of Solar Processes And Its Application. Solar Energy
17, 29-37.

[122] Koeppel E.A.1994 The Modelling Performance and Optimal Control of Commercial
Absorption Chiller. Master of Science Thesis. University of Wisconsin-Madison, 1994

[123] Kohlenbach P., Ziegler F., 2008a. A dynamic simulation model for transient absorption
chiller performance. part i: The model. International Journal of Refrigeration, 31(2),
:217-225.

[124] Kohlenbach P., Ziegler F., 2008b. A dynamic simulation model for transient absorption
chiller performance. part ii: Numerical results and experimental verification.
International Journal of Refrigeration, 31(2), 226 — 233.

[125] Kohlenbach, P., 2006. Solar cooling absorption chillers: control strategies and transient
chiller performance. Dissertation TU Berlin.

[126] Kbhne, R., Oertel, K., Zunft, S., 2006. Investigation of control and simulation of solar
process heat plants using a flexible test facility. Solar Energy 56 (2), 169-182.

Page 201 of 223



Economical and primary energy optimization of solar thermally driven heat pump systems along Europe

[127] Kovarik M 1976., Lesse F., Optimal control of flow in low temperature solar heat
collectors, 1976

[128] Krese G, Prek M, Butala V. Incorporation of latent loads into the cooling degree days
concept. University of Ljubljana, Faculty of Mechanical Engineering.

[129] Lazzarin, R., 1980. Steady and transient behavior of LiBr absorption chillers of low
capacity. Revue Internationle du Froid 3—4, 213-218.

[130] Le Pierrés N., Mazet N., Stitou D., 2007. Experimental results of a solar powered
cooling system at low temperature. International Journal of Refrigeration 30, 1050-1058

[131] Li, Z.F., Sumathy, K., 2001. Experimental studies on a solar powered air conditioning
system with partitioned hot water storage tank. Solar Energy 71 (5), pp 285-297.

[132] Liao, X., Radermacher, R., 2007. Absorption chiller crystallization control strategies for
integrated cooling heating and power systems. International Journal of Refrigeration
30, 904-911.

[133] Lim, J.H., Kim Y.Y., Yeo M.S., Kim K.W., 2006. Application of the control methods for
radiant floor cooling system in residential buildings. Building and Environment, vol 41.

[134] Macia A., Bujedo L.A., Magraner T., Chamorro C., 2013. Influence parameters on the
performance of an experimental solar-assisted ground-coupled absorption heat pump
in cooling operation, Energy and Buildings, 66, 282-288.

[135] Macia, A., Bujedo, L.A., Vicente, J., De Torre, C., 2009. Development of a model for
the simulation of an absorption chiller air-cooled “rotartica” by TRNSYS. 3™
International Coference Solar Air-Conditioning. Palermo (ltalia). 30 septiembre-1y 2 de
octubre.

[136] Marc O. Anies G., Lucas F., Castaing-Lasvignottes J., 2012. Assessing performance
and controlling operating conditions of a solar driven absorption chiller using simplified
numerical models. Solar Energy 86, 2231-2239.

[137] Marc O., Lucas F., Sinama F., Monceyron E., 2010. Experimental investigation of a
solar cooling absorption system operating without any backup system under tropical
climate. Energy and Buildings 42, 774-782.

[138] Martinez P.J, Martinez J.C., Lucas M., 2012. Design and test results of a low-capacity
solar cooling system in Alicante (Spain). Solar Energy 86, 2950-2960

[139] Martinez, P.J., 2005. Disefo y dimensionado de instalaciones de climatizacion con
energia solar. El Instalador Abril. 83-89.

[140] Mateus T et Al.2009. Energy and economic analysis of an integrated solar absorption

cooling and heating system in different building types and climates. Applied Energy 86
(2009) 949-957

[141] Mitchell, J.W., 1986. State of the Art of Active Solar Cooling. Proc. Annual Mtg., Am.
Solar Energy Soc., Boulder CO., 63.

[142] Molina, M.J., Rowland F.S., 1974. Stratospheric sink for chlorofluoromethanes-chlorine
atom catalyzed destruction of ozone. Nature, 249, 810.

[143] Mugnier D. et Jakob U., 2012. Keeping cool with the sun. International Sustainable
Energy Review, vol 6, issue 1, pp. 28-30.

[144] Nicol F. ,Wilson M, An overview of the European Standard EN 15251. London
Metropolitan University, UK.

[145] Nogués, M. 2001. Desarrollo de una bomba de calor de absorcion a gas con fluidos
organicos e intercambiadores de placas. Tesis para optar al grado de Doctor en
Ingenieria Quimica. Universitat Rovira i Virgili. Tarragona.

Page 202 of 223



References

[146] NREL 1995 National Renewable Energy Laboratory. User's Manual for TMY2s (Typical
Meteorological Years), NREL/SP-463-7668, and TMY2s, Typical Meteorological Years
Derived from the 1961-1990 National Solar Radiation Data Base, June 1995, CD-ROM.
NREL, 1995

[147] Nufiez-Reyes A.., Normey-Rico J.E., Bordons C., Camacho E.F.. (2005). A Smith
predictive based MPC in a solar air conditioning plant. Journal of Process Control 15:
1-10

[148] Nuriez, T.et Al2005 Development of an adsorption chiller and heat pump for heating
and air-conditioning applications.

[149] Nufez,T. et Al 2008. Heating and Cooling with a Small Scale Solar Driven Adsorption
[150] Chiller Combined with a Borehole System. Proceedings Eurosun 2008,Lisbon.

[151] Ogata K. 1998. Ingenieria de Cotrol Moderna. Prentice Hall Iberoamericana. ISBN 0-
13-227307-1

[152] Olsen B.W., 1997. Thermal comfort requirement for floors occupied by bare feet,
ASHRAE Transactions 83.

[153] Oonk, R.L., Beckman, W.A., Duffie, J.A., 1975. Modeling of the CSU Heating/Cooling
System. Solar Energy, 17, pp 21.

[154] Praene J.F., Marc O., Lucas F., Miranville F., 2011. Simulation and experimental
investigation of solar absorption cooling system in Reunion Island. Applied Energy 88
(3), 831-839.

[155] Poncela M., De Miguel L.J., Sanz S., Diaz J.I., Bujedo L.A., 2001. Design and
implementation of solar energy systems on a Research Technology Center Building,
ISES 2001 Solar World Congress. Adelaida (Australia).

[156] Ren J et Al. 2010. Very low temperature radiant heating/cooling indoor for efficient use
of renewable energies. Solar Energy 84 (2010) 1072-1083

[157] RHC-Platform (European Technology Platform on Renewable Heating and Cooling),
Strategic Research Priorities for Solar Thermal Technology, Editor European Solar
Thermal Technology Panel (ESTTP), December 2012.

[158] RITE, Ministerio de Industria, Turismo y Comercio, Propuesta de Reglamento de
Instalaciones Térmicas en los Edificios (RITE), versién 31/07/2006.

[159] Rivera W., Moreno-Quintanar G., Rivera C.O., Best R., Martinez F, 2011. Evaluation of
a solar intermittent refrigeration system for ice production operating with
ammonia/lithium nitrate. Solar Energy 85. 38—45

[160] Rivera C., Pilatowsky I., Méndez E., Rivera W. 2007, Experimental study of a thermo-
chemical refrigerator using the barium chloride—ammonia reaction. International
Journal of Hydrogen Energy 32, 3154 — 3158

[161] Rodriguez, J., Bujedo, L.A., Martinez, P.J., 2006. Identification of real solar systems
simulation parameters. ISES European Regional Conference, Eurosun’06. Glasgow.

[162] Rodriguez J, 2007 Puesta a punto y simualcion de instalaciones de frio solar. Master
of advances studies. Tarragona 2007

[163] Rodriguez J, L. A. Bujedo, P. Melograno, R. Fedrizzi. SDHW storage layouts and its
control strategies depending on the combination with different heating devices, sorption

chillers and heat pumps. 3w International Conference Solar Air-Conditioning. Palermo
(Italy). 30w September to 1sty 2na of October of 2009.

[164] Rowland, F.S., Molina, M.J., 1975. Clorofluoromethanes in the Environment. AEC
Report n.° UCI-1974-1, 1974;

[165] Rowland, F.S., Molina, M.J. 1975b. The ozone question. Science, 190, 1038, 1975.

Page 203 of 223



Economical and primary energy optimization of solar thermally driven heat pump systems along Europe

[166] Rowland, F.S., Molina, M.J., 1979. Stratospheric Ozone Depletion by Halocarbons:
Chemistry and Transport. Nat. Acad. Sciences, Washington DC.

[167] SACE Project, 2003. Air Conditioning in Europe. Final Report, EU Project NNE5-2001-
25.

[168] Sailor D.J., Relating residential and commercial sector electricity loads to climate-
evaluating state level sensitivities and vulnerabilities, Energy 26 (2001) 645-657.

[169] Sailor D.J., Munoz J.R., Sensitivity of electricity and natural gas consumption to climate
in the USA-methodology and results for eight states, Energy 10 (1998) 987-998.

[170] Sanchez F, Alvarez S. Assessing the influence of the urban context on building energy
demand. EPIC 2002 AIVC, Energy efficient & healthy buildings in sustainable cities,
2002.

[171] Sanchez F, et Al. A new methodology towards determining building performance under
modified outdoor conditions.

[172] Sanner, B., Mands, E., Sauer, M. y Grundmann, E., 2007, Technology, development
status, and routine application of Thermal Response Test, Proceedings, EGC 2007
Unterhaching.

[173] Saunier Duval. 2005. Suelo radiante refrescante, 2005. Soluciones integrales de
climatizacion Bomba de calor Aire-Agua para aplicaciones de suelo
radiante/refrescante.

[174] SEAP 2010. How to develop a Sustainable Energy Action Plan (SEAP), Part 2 —
Guidebook, Luxembourg, Publications Office of the European Union, 2010. Available at
http://www.eumayors.eu/IMG/pdf/004 Part Il.pdf

[175] Sparber W, Melograno P., Costa A., Rodriguez J. Test facility for solar-assisted
heating and cooling Systems 2nd International Conference Solar Air-Conditioning,
Tarragona, October 2007

[176] Sun, J., Fu, L., y Zhang S. 2012. A review of working fluids of absorption cycles.
Renewable and Sustainable Energy Reviews 16, 1899— 1906.

[177] Syed, A., Izquierdo, M., Rodriguez, P., Maidment, G., Missenden, J., Lecuona, A.,
Tozer, R., 2005. A novel experimental investigation of a solar cooling system in Madrid.
International Journal of Refrigeration 28, 859-871.

[178] Tabor, H., 1962. Use of Solar Energy for cooling purposes. Solar Energy 6 (4), 136—
142.

[179] TRNSYS, 1990. A transient Simulation Program. Solar Energy Laboratory, University
of Wisconsin, Madison WI, 1990

[180] Vangtook P., Chirarattananon S., 2006. An experimental investigation of application of
radiant cooling in hot humid climate. Energy and Buildings 38 273-285.

[181] Van Hatten, D., Dato, P.A., 1981. Description and performance of an active solar
cooling system using a LiBr—H,O absorption machine. Energy and Buildings 3, 169—
196.

[182] Wang F., Yoshida H., Ono E., 2009. Methodology for optimizing the operation of
heating/cooling plants with multi-heat-source equipments. Energy and Buildings 41,
416-425.

[183] Ward, D.S., Léft, C.O.C., 1975. Design and Construction of a Residential Solar Heating
and Cooling System. Solar Energy, 17, 13

[184] Ward, D.S., Weiss, T.A., Lof, G., 1976. Preliminary performance of CSU Solar House |
heating and cooling system. Solar Energy 18, 541-548.

Page 204 of 223



References

[185] Ward D.S., Smith C.C.,Ward J.C 1977, Operational modes of solar heating and cooling
systems, Solar Energy vol 19, 55-61, 1977

[186] Ward, D.S., Loéf, G.O.G., Uesaki, T., 1978. Cooling subsystem in CSU Solar House Il
Solar Energy 20, 119-126.

[187] Wijeysundera N.E., 1996. Performance limits of absorption cycles with external heat-
transfer irreversibilities. Appliel Thermal Engineering, Vol 16 n°2, pp 175-181

[188] Winn, C.B., Johnson, G.R., Moore, J.B., 1974. Optimal Utilization of Solar Energy in
Heating and Cooling of Buildings. International Solar Society U.S. Section Annual
Meeting Colorado State University Fort Colorado, August.

[189] Winn C.B., Hull lll D.E., Optimal controllers of the second kind, Solar Energy vol 23,
529-234, 1979

[190] Yazaki Energy Systems, ESESA 1996, Manual de instalacion: Grupos refrigerantes por
absorcion de agua caliente. Catalogue data on absorption chiller model (WFC-10).

[191] Yeung, M.R., Yuen, P.K., Dunn, A., Cornish, L.S., 1992. Performance of a solar
powered air conditioning system in Hong Kong. Solar Energy 48 (5), 309-319.

[192] Zambrano D., Camacho E.F 2002., Application of MPC with multiple objetive fo a solar

refrigeration plant, proceeding the 2002 IEEE International Conference on Control
Applications, 2002.

[193] Zhuo, C. 1995. “Absortion Heat Transformer with TEF-Pyr as the working Pair,” Ph. D.
Thesis, Delf University of Technology- Netherlands,

[194] Ziegler, F., 1998. Relationship between temperature differences in heat exchangers of
heat transformation devices. Revue General du Thermique S, 549-555.

[195] Ziegler, F., 1999. Recent developments and future prospects of sorption heat pump
systems. International Journal of Thermal Science 38, 191-208

[196] Ziegler, F., 2002. State of the art in sorption heat pumping and cooling technologies.
International Journal of Refrigeration 25 (2002) 450—459

[197] Ziegler, F., 2009. Sorption heat pumping technologies: Comparisons and challenges.
International Journal of Refrigeration 32 (2009) 566—-576

Page 205 of 223






Appendix A: Application of CSI’s to evaluate different building
consumptions.

Three different ways of evaluating climatic conditions have been described in 3.1.1, 3.1.2
and 3.1.3., based respectively in the concept of degree day, climatic severity and enthalpy
latent days. The information that each of the methods uses to calculate the hardness of a
climatic condition increases from the simplest degree differences between a given
temperature and the ambient one to the inclusion in last term, of air enthalpies to evaluate
latent implications in a climatic class.

The three methods have been applied to three different buildings sited in non-comparable
climatic conditions to quantify the accuracy of each one of the three methods in heating

mode. The authors didn’t have enough recorded data of the buildings to evaluate cooling
mode, what forced them to apply the method only in the building located in Kreta, (Greece).

A.1 Building descriptions

Three completely different office buildings in terms of envelopes, orientation, location and
external weather conditions were chosen to evaluate the efficiency of the method.

For each building, there is a weather station that records the following variables:

. Dry and wet bulb temperature

. Relative humidity

. Air pressure

. Rain detection

. Direct and diffuse radiation on horizontal
. wind conditions (speed and direction)
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A.1.1 ZUB building, Kassel.

Since the building has been gone into operation in 2001, there is already a high level of
monitoring due to the more of 700 sensors installed. The performance of the building with its
conventional control strategy and design is well known. All energy supply systems as well as
most comfort aspects are already monitored.

Figure 62:External view of ZUB building

In base to the mean outdoor temperatures, it has been possible to calculate the HDD
(heating degree days) as the difference between a base temperature (20 °C) and the daily
mean outdoor temperature, and with latter and the radiation values, it was obtained the WCS
for every considered year. As seen in Table 82 there were a difference among the studied
years, winter ‘03 and ‘06 where colder and darker than the ones of ‘07 and ‘08

Table 82: Winter Climatic Severity measured in Kassel (Years '03,°06,’07,’08)

2003 2006 2007 2008
WCS 1,96 1,93 1,61 1,68
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The study has regarded the winter seasons of the years 2003, 2006, 2007, 2008 and whole
period 2003-2008. Years 2004 and 2005 are not studied, due to the amount of data lost by
the loggers based on one minute intervals. The evaluation of the data bases on different
intervals, i.e. the accumulation of values for

e 1 hour,
e 1 day,
e 1 week,

e 1 month or
e 1year.
The hourly interval is not useful, since our period under review usually covers at least one

day. The evaluation only covers the period where there is a heating demand (for that day).
Data for the cooling energy is not available for the ZUB building.
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A.1.2 TUC building, Chania (Crete).

The second Demonstration Buildings is as a part of an office block at the Technical
University of Crete an existing office building that has been recently renovated. So far, there
is no central building automation system installed, thus, only a limited number of measured
values are available from the last year's operation. Based on energy audits and simulation
results the energy consumption of the specific building is quite high and reaches 130 kWh/m?
for the whole year. The building has a relatively low level of building automation, energy
generation and supply systems.

In this case, the building has not being operated under summer conditions with enough
sensing equipment to evaluate the demands, so it was used a simulation model calibrated
during winter time to create hourly summer values for the example, and real data to get
winter results.

Figure 63: External view of TUC building
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A.1.3 Cartif building, Valladolid (Sp)

The third building is Cartif I, a 2001 office building of 7500m2 sited in Boecillo (Spain) where
approximately 150 people deploy their research activities in 3 floors. The building is fully
conditioned with a variety of different and complementary heating and cooling systems. It
was design with a live lab concept to test different internal and external loads in combination
with several generation and distribution systems. The building is completely monitored, which
allows easy implementation of new strategies and management modes.

Figure 64: External view of Cartifl building
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A.1.4 Results and coefficients for the ZUB building

The evaluation of the four years of available datasets results in the coefficients of correlation
displayed in Table 83. These coefficients represent the quantification of the energetic
behaviour of the ZUB building monitored over four years. Applied on the NFEC equation
using the climatic values of current radiation (Rad) and external temperature (included in
HDD), the coefficients a, ¢ and d (for Rad) corresponds to the window area and the thermal
capacity of the walls and the coefficients b, ¢ and e (for HDD) are dependent on the quality of
the building envelope.

Table 83: Coefficients of determination (R?) and correlation for the ZUB building (years 2003, 2006, 2007, 2008
and whole period of 4 years) obtained by Multiple linear regression of NFEC (CSI’s)

year R2 a b c D e f
2003 (day) 0,84 -11,2022399 | 10,1644083 | -2,08864116 | 1,81952997 | 0,24026005 | -7,87059048
2006 (day) 0,78 -2,7932648 | 12,3170153 | -1,73238972 | 1,13510494 | 0,27092288 | -34,055932
2007 (day) 0,86 1,82508869 | 13,8697151 | -2,43055494 | 0,8258927 | 0,26298199 | -47,1506433
2008 (day) 0,86 -2,74294773 | 9,06854399 | -1,61388845 | 0,5278521 | 0,26362766 | -3,94378179
4years (day) 0,81 -2,35350141 | 11,7388002 | -2,08398754 | 0,91860224 | 0,24717471 | -25,6206392
2003 (week) 0,93 3,51042905 | 15,0636828 |-0,43610348 | 0,09686306 | 0,0201155 |-347,994095
2006 (week) 0,91 17,4994008 | 23,1105567 | -0,4438085 | 0,02196025 | -0,00645922 | -785,096313
2007 (week) 0,93 -0,35194929 | 14,6452066 | -0,42584949 | 0,22378361 | 0,0357745 |-299,371901
2008 (week) 0,95 12,6474742 | 11,8370148 | -0,33840299 | -0,17257057 | 0,02832229 | -209,113191
4years (week) 0,91 11,0044883 | 16,7830602 | -0,43466347 | -0,00847032 | 0,01687617 | -446,092895
2003 (month) 0,98 43,4716076 | 20,1038769 | -0,14127411 | -0,08865913 | 0,00535983 | -4803,94531
2006 (month) 0,98 144,171438 | 54,1310321 | -0,28703612 | -0,39062786 | -0,02521005 | -13230,1016
2007 (month) 0,96 31,7071135 | 22,1988965 | -0,13683273 | -0,03496473 | 0,00400589 | -4081,29731
2008 (month) 0,97 4,63380596 | 8,25689425 | -0,05586062 | -0,02316326 | 0,00989387 | -38,587025
4years (month) 0,95 47,588279 | 24,4947169 | -0,14621259 | -0,11317469 | -0,00100376 | -4789,98892

As it can be seen, the accuracies of the regressed values increase with the length of the
evaluation interval. The time interval for the accumulation of data is varied from day to
month.

In the same way, it has been adjusted the NFEC for the ZUB building was adjusted the linear
relation between the NFEC and HDD in a daily, weekly and monthly base, for the previously
defined years.

NFEC =a+HDD + b
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Table 84: Coefficients of determination (R?) and correlation for the ZUB building (years 2003, 2006, 2007, 2008
and whole period of 4 years) obtained by Single linear regression of NFEC (HDD)

year R? A b
Daily 2003 0,4203 0,0272 11,901
Daily 2006 0,6771 0,0359 7,9819
Daily 2007 0,6801 0,0308 8,8191
Daily 2008 0,6496 0,0466 6,8272
Daily 2003-2008 0,5856 0,0348 8,8033
Weekly 2003 0,5615 0,0293 80,125
Weekly 2006 0,7767 0,0435 48,424
Weekly 2007 0,8158 0,0372 52,326
Weekly 2008 0,735 0,0546 40,06
Weekly 2003-2008 0,6994 0,0406 54,929
Monthly 2003 0,8804 0,0339 317,12
Monthly 2006 0,9295 0,0563 126,69
Monthly 2007 0,8614 0,0479 158,79
Monthly 2008 0,8820 0,0652 122,28
Monthly 2003-2008 0,8305 0,052 169,84

Again, the accuracy increases for longer studied intervals, but obtaining values smaller than
the ones obtained with the CSI principles. , and it is compared the accuracy between the two
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methods and how it is always the CSI’'s method the one that adjust better the winter building
demands for every timestamp studied. compare the values for a daily base correlation, and
as it is seen, HDD’s are not able in one case to obtain more than a 42% of accuracy for 2003
while the other 4 values, the correspondent to 2006 to 2008 and those that correlate jointly
the four years stay in intervals around 65%. It must be said that 2003 was a very cold winter
in terms of temperature, but the total radiation recorded by the pyranometers was much
higher than Kassel's winter average. This radiation increase was evaluated by the CSI’s
indexes and couldn’t by the HDD ones. Accuracy values are smaller for the daily base than
for the other periods, but a high inertial building as ZUB has a time constant bigger than a
day, what means that nearly every load or energy that affects the building in an instant t=0
will be noticed by the heating or cooling system in time t>24h, a period that cannot be
correctly evaluated with the correlations of the last 24 hours of external temperature (HDD)
and neither with the external temperature and the radiation, although this last one deliver
better results, (Increments of 6% to 74% better accuracies.

Table 85: Comparison between the results obtained (ZUB building) with CSI’'s and HDD’s (Daily base)

Adjusted R R?
Increment %
(CSI’s) (HDD’s)
Daily 2003 0,731 0,42 74,05
Daily 2006 0,718 0,677 6,06
Daily 2007 0,741 0,68 8,97
Daily 2008 0,771 0,65 18,62
Daily 2003-2008 0,714 0,586 21,84

A weekly evaluation of both cases,, keep the ratios between CSI’'s and HDD correlations, in
similar values, although the absolute R? results are 16% higher for the CSI's and 20% in the
weekly case (Relations between and ). This result is easily explained by the annulation of
the building inertial effects when the evaluation period is a week.

Table 86: Comparison between the results obtained (ZUB building) with CSI’'s and HDD’s (Weekly
base)

Adjusted R? R? Increment %
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(CST's) (HDD’s)

Weekly 2003 0,847 0,561 50,98
Weekly 2006 0,821 0,776 5,80
Weekly 2007 0,876 0,816 7,35
Weekly 2008 0,909 0,773 17,59
Weekly 2003-2008 0,836 0,699 19,60

As happened before, the monthly base results obtained, , are in both cases higher than the
ones obtained for the weekly case. The increment obtained for CSI’s is around a 10 % and
for the HDD case a 20%. ( and ). Nevertheless, the correlation based on CSI’s has always
higher accuracy levels for the inertial ZUB building.

Table 87: Comparison between the results obtained (ZUB building) with CSI’'s and HDD’s (Monthly

base)
Adjusted R? R?
Increment %
(CSrs) (HDD’s)
Monthly 2003 0,942 0,88 7,05
Monthly 2006 0,968 0,929 4,20
Monthly 2007 0,922 0,861 7,08
Monthly 2008 0,945 0,882 7,14
Monthly 2003-2008 0,931 0,83 12,17

A.1.5 Results and coefficients for the TUC building

As it was explained before, there were no enough reliable data to evaluate the demands of
the TUC building until the year 2012. During the years 2010 and 2011 it was made a
complete simulation model of the TUC building that was validated along the year 2012 as
explained in Pebble, 2012. At the moment that the following data were calculated there were
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no summer data of the building, so the complete evaluation will be done on the base of
measured data for winter time and on simulated results for the summer season.

This case of study has also included latent terms to evaluate during the summer season

thanks to the existence in the building of direct expansion heat pumps that allow to dry the
ambient, being feasible the calculation of summer latent loads.

Table 88: Comparison between the results obtained (Tuc building) with CSI’s and HDD'’s

Adjusted R R?
Increment %
(CSl’s) (HDD’s)

Winter daily 0,838 0,735 14,01
Winter weekly 0,912 0,731 24,76
Winter monthly 0,981 0,842 16,51
Summer daily 0,873 0,847 3,07
Summer weekly 0,930 0,916 1,53

Summer monthly 0,977 0,947 3,17

As seen, again, CSI’s winter evaluation fits better the building demand for every tested
interval with a minimum increase of adjustment around 15%. Also, as it happened for the
ZUB case, CSI’s adjust better the demands as longer it is the time interval.
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For the summer case, it is also seen that the CSI’s adjust better the demands, but with much
smaller increments due to the stability of the weather conditions during the summer. Also
when compared the adjustment with and without the humidity effects, , confirm the
usefulness of latent term in shorter evaluation intervals. (+6,07% better adjustment in a daily
base adjustment) while again, summer weather stability does not remark considerable
improvements in a weekly and monthly base.

Table 89: Comparison between the results obtained (Tuc building) with CSI’s and ELD’s

Adjusted R? R?
Increment %
(CSI's+ELD’s) (CSI’s)
Summer daily 0,926 0,873 6,07
Summer weekly 0,936 0,930 0,65
Summer monthly 0,981 0,977 0,40
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A.1.6 Results and coefficients for Cartif building

The existence of a complete minute base monitoring system installed in the building allows
the evaluation of every electrical and thermal facility installed. To evaluate the accuracy of
the WCS’s method against the degree day one, it was chosen a complete winter season
where the radiant floors were working and the users were not allowed to modify building
internal conditions with the use of the existing water to air heat pumps, which would disturb
the demands seen by the radiant floor probes installed.

It has not been tested the method along the summer season, because during those months
there is no a constant occupancy of the building (summer holidays) and the installed cooling
facilities are controlled by each zone users. That means a great disturbance in the demand
profiles that impossibilities the obtainment of acceptable results.

CARTIF case describes again similar results as the ones exposed for the other two buildings.

An evaluation based on Climatic Severity Indexes adjusts much better than the one done
with HDD.

Table 90: Comparison between the results obtained (Cartif building) with CSI’s and HDD'’s

Adjusted R?(CSI’s) R? (HDD’s) Increment %
Winter Daily 0,96 0,56 71,43
Winter weekly 0,991 0,76 30,39
Winter monthly 0,998 0,91 9,54

Page 218 of 223
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From Table 91 to Table 98 are presented the mean averaged values of some meteorological
variables studied during this work, classified by climatic zones.

First of all, the distribution of the climatic severities in Table 91 and Table 92.

Table 91: Average Summer Climatic Severities for each category

Summer Climatic Severities's
SCS

Exc. Class Class Class Class Class

Exc. Cold
Heat A B C D E

Exc.
Heat

Class 1} 1,15 5,30 7,72 8,80 9,48 9,74 9,92
Class 2| 0,82 5,66 7,93 8,95 9,49 9,72 9,87

Winter Climatic Severities's

Class 3] - — 7,99 8,82 9,51 9,74 9,89
Class 4] --- — — 9,01 9,52 976 9,92
Class 5] --—- — — 9,02 9,59 976 9,90
Exc.
- — — — - - 9,82
Cold ’

Table 92: Average Winter Climatic Severities for each category

Summer Climatic Severities's
WCS

Exc. Class Class Class Class Class

Exc. Cold
Heat A B C D E

Heat
Class 1} 0,89 0,79 0,88 1,18 1,03 0,65 0,96

Class 2] 2,51 2,02 2,07 2,47 2,26 2,33 2,47

Winter Climatic Severities's

Class 3 -— -— 3,54 3,61 3,58 3,57 3,54
Class 4 -— -— -— 4,38 4,50 4,66 4,51
Class 5 -— -— -— 5,13 5,83 5,97 5,76
Exc.
-— -— -— -— - -— 8,81
Cold .

Table 93 and Table 94 show the total incident radiation on horizontal and the average dry air
temperature, both values that were combined to obtain climatic severities.
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Table 93: Average Horizontal Radiation for each category

L Summer Climatic Severities's
Radiation Htal

Total Class Class Class Class Class
Exc. Heat Exc. Cold
A B C D E

Exc.
Heat

Class 1] 55,99 | 38,30 | 38,56 | 54,77 | 50,89 | 57,28 | 49,88
Class 2] 56,02 | 55,97 | 53,08 | 52,94 | 49,18 | 4948 | 47,28

Winter Climatic Severities's

Class 3 -—- - 56,04 54,01 46,15 41,18 45,32
Class 4 -—- - -—- 52,03 48,01 45,82 44,04
Class 5 -—- - -—- 57,11 46,05 42,95 45,15
Exc.
- - - - - - 40,45
Cold :

Total radiation matrix presents a logical behavior with maximum values of energy collected
on the top left corner and minimum ones on the bottom right one. It can be seen that there is
no uniform color decrease from top to bottom or from left to right due to the fact that for the
classification were used climatic severities that includes ambient air temperature in addition
to the horizontal radiation. i.e. Zone A1 and B1 receive higher radiation than the one labeled
with “Excessive heat 1 ” what means that cities belonging to this classification are surely in
southern Europe (high radiation) and not close to the see. (Air temperatures near the see are
a little bit lower). It is also easy to see the variations existing along summer class C where
lower ambient winter temperatures in C3 and C5 delivers higher winter climatic severities to
places with higher radiations.i.e.: it is explained by the different altitude of the locations,
foggy zones... .
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Table 94: Average Dry Temperature for each category

Summer Climatic Severities's

Dry Temp
Class Class Class Class Class
Exc. Heat Exc. Cold
A B C D E
Exc. . N . N N . N
Heat

Class 1 | 18,40 | 17,36 | 16,25 15,10 | 15,12 14,60 | 13,73
Class 2} 15,60 | 15,10 | 14,48 13,30 | 12,24 | 11,96 | 11,51

Winter Climatic Severities's

Class 3| — 1245 | 12,06 | 1066 | 967 | 1056
Class 4| — 11,20 | 1009 | 1003 | 939
Class 5| — 968 | 703 | 713 | 804
Exc.
Cold | 4,66

Dry air temperature averages, described in Table 94 does maintain the expected decreasing
profile with highest values on the top left corner, decreasing values to the lower diagonal
point.

And finally, they are represented two different definitions of Cooling Degree days and
Heating Degree days.

Table 95 and 96 show the average values of cooling degree days for a comfort temperature
of 25°C calculated in this work to assure maximum internal comfort conditions and those
ones calculated over 20°C used for the Summer Climatic Severity.

In the same way were represented the Heating degree days for a winter comfort temperature
of 21°C calculated in this work to assure maximum internal comfort conditions and 20 °C
used for the Winter Climatic Severity. (96Table 97 and 96Table 98)
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Table 95: Average Cooling Degree Days (25°C base) for each category

Summer Climatic Severities's

CDD 25

Total Class Class Class Class Class
Exc. Heat Exc. Cold
A B C D E

Exc.
Heat

Class 1| 20,48 | 12,35 7,29 5,04 8,74 4,36 4,87
Class 2 | 23,02 13,42 9,07 5,82 4,42 2,45 2,15

Winter Climatic Severities's

Class 3 -— - 10,18 7,36 3,74 1,42 2,43
Class 4 -— - -— 6,86 4,33 3,17 1,89
Class 5 -— - -— 7,07 2,86 2,38 2,53
Exc.
— - — — - — 2,26
Cold

Table 96: Average Cooling Degree Days (20°C base) for each category

Summer Climatic Severities's
CDD 20

Total Class Class Class Class Class
Exc. Heat Exc. Cold
A B C D E

Heat
Class 1 | 29,76 20,60 14,05 10,77 9,36 4,63 2,79
Class 2| 27,99 19,31 14,53 10,37 5,76 4,16 2,78

Winter Climatic Severities's

Class 3 - - 13,37 10,94 5,44 1,02 3,64
Class 4 - - - 11,05 6,80 5,16 3,38
Class 5 - - - 8,58 3,83 1,96 3,15
Exc.
- - - - - - 1,11
Cold ’
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Table 97: Average Heating Degree Days (21°C base) for each category

Summer Climatic Severities's

HDD21

Total Class Class Class Class Class
Exc. Heat Exc. Cold
A B C D E

Exc.
Heat

Class 1] 127,07 | 130,29 | 139,29 | 161,67 | 161,63 | 161,04 | 178,43
Class 2] 189,77 | 184,60 | 186,13 | 204,37 | 221,32 | 224,10 | 232,72

Winter Climatic Severities's

Class 3| — — | 23331 | 236,41 | 25821 | 273,76 | 257,40
Class 4] — — 26070 | 276,21 | 273,98 | 285,80
Class 5| — — 129038 | 344,36 | 337,00 | 318,28
Exc.

— 39462
Cold

Table 98: Average Heating Degree Days (20°C base) for each category

Summer Climatic Severities's

HDD20

Total Class Class Class Class Class
Exc. Heat Exc. Cold
A B C D E

Exc.
Heat

Class 1| 48,99 | 52,25 | 59,01 69,55 | 67,96 | 69,46 78,05
Class 2| 80,79 78,10 | 80,74 | 90,80 | 98,91 | 100,62 | 104,62

Winter Climatic Severities's

Class 3 -— - 103,92 § 106,25 | 117,57 | 125,01 | 116,93
Class 4 -— - -— 116,63 | 125,69 | 124,83 | 130,68
Class 5 -— - -— 132,44 | 159,50 | 156,42 | 146,67
Exc.
-— - -— -— - -— 185,17
Cold
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