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Abstract
This dissertation was written in the context of the MSc in Energy Systems of the International
Hellenic University. As a main objective, the dissertation examines the use of an integrated solar system (solar combi+ system), for the provision of environmentally friendly DHW, heating,
and air-conditioning services in residential buildings. Although still in an initial market stage,
the solar combi+ system is considered by many a very promising concept that can eventually
alter the whole market of the conventional HVAC and DHW systems.
For the purpose of this thesis much research has been initially conducted on the existing literature and several projects curried out by the E.U. providing an overview of the market of the solar thermal systems and a brief description of the various system components and configurations.
In order to find the potential of the solar combi+ systems to cover the DHW, heating and cooling loads, a number of energy simulations were then curried out using the Polysun V. 6.1 simulation software. The simulations refer to a solar combi+ system installed on a typical detached
house in the region of Rapperswill, a small Swiss town near Zurich. Two main parameters
where studied, namely the solar collector surface and the storage tank volume in an effort to
find the combination of the two parameters that would maximize the solar contribution. Τhe
study is also extended to other simulation scenarios, trying to cover a wide range of possible
cases and is supplemented by a financial and a parametric analysis in order to evaluate the economic feasibility of such a system.
The analysis conducted confirmed the great potential of the solar combi+ system, providing
high solar fractions and considerably primary energy savings. However, the economics of the
system appeared at the time of this study dubious, at least for the maritime temperate climate of
the town of Rapperswill.

Christoforos Nikolaou
23 October 2013
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1 Introduction
1.1 Background
Greenhouse effect, global warming and climate change consist some of the greatest environmental threats today and also some of the greatest social risks for the future. Human factor is to
a large extend responsible for these phenomena, which can largely be mitigated through the rational use of energy, reduction of the fossil fuel harvesting and utilization and reduction of the
associated CO2 emissions. On the other hand, the global economic situation and the developments in the energy sector have led to the increase of the crude oil price at historical heights [1].
These facts have caused many considerations among the countries and many policies have arisen, focusing on security of energy supply, sustainability and environmental conservation. The
aim of these policies is the increase of energy efficiency, the reduction of the energy consumption and the shift to Renewable Energy Sources (RES).
Today, the world energy supply depends mainly on non-renewable energy sources like coal, oil
and gas with a share of over 80% according to International Energy Association (IEA) [2]. Regarding the RES, the vast amount of energy is produced from biofuels and from waste to energy
conversion, at a percentage of 10% in 2011.
In the developed world, buildings constitute one of the dominant energy consuming sectors;
they are responsible for about 40% of the total primary energy consumption [2]. Both residential
and commercial buildings demand huge amounts of energy for uses like heating, airconditioning, domestic hot water preparation (residential mainly), lighting and electric and electronic applications. In this direction, E.U. adopted in 2002 the first building directive (Directive
2002/91/EC) with the view to decrease the fossil fuel energy consumption. This reduction
should be done in two ways: Reduction of thermal needs and energy loads and use of cleaner
and renewable fuels. The directive was revised in 2010 with the new 2010/31/EC directive
which sets even stricter targets. According to this directive, buildings shall be of nearly zero
energy balance after 2018. A nearly zero energy building is defined in the same directive as “a
building that has a very high energy performance and even the very low amount of energy required should be covered to a very significant extent by energy form RES”.
All this progress brings into light the significance of energy efficiency and renewable energy
production, especially in the residential sector where a vast amount of energy is consumed.
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1.2 Problem definition
Energy conservation through energy efficiency measures is one way to reduce the consequences
of the high energy demand of buildings in an economic and environmental sense. Techniques
like retrofit thermal insulation of the building envelope, replacement of the openings, , building
energy management systems (B.E.M.S.) and other energy saving measures are widely disseminated and well established in practice based on results from extensive studies.
A further step has been taken through passive solar building design concepts. Heat sources such
as solar radiation for heating and heat sinks like the outdoor air for cooling are widely used in
order decrease the heating and cooling loads and therefore the energy demand of the buildings.
However, the heating and cooling capacity of these passive techniques is limited and depends
always on the climate and the load profile of the each building.
In addition, during the last decades environmental and economic concerns have shifted the effort also towards active solar technologies. Active solar systems are used to convert solar radiation into a more useful form of energy. This can be done in two ways:
The electrical option.
With this technology, solar radiation can be utilized to generate electricity by using photovoltaic
panels. Electricity can then be used to provide heating, cooling, dehumidification and Domestic
Hot Water (DHW) by means of electrically driven heat pumps. This kind of technology is widely disseminated and can achieve significant results. However, in industrialized countries with a
well developed electricity grid, the maximum utilization of the photovoltaic panels is achieved
by providing the electricity produced into the grid. This is even more preferable from an economic point of view, if the selling price of the electricity to the grid is higher than the buying
price from the public grid (feed-in tariffs). Thus, photovoltaic powered heating and cooling systems are of less interest from a system point of view.
The thermal option.
The second option is the direct conversion of the solar radiation to thermal energy. Electricity
conversion can be bypassed by using thermal solutions, like heating a thermal mean and providing enough energy to cover not only DHW needs but also space heating. Cooling loads and dehumidification can also be covered by using thermally driven heat pumps.
While photovoltaics and batteries are becoming cheaper and more efficient every day, well designed and configured thermal systems can still be advantageous for buildings, in terms of cost
and durability.
Since the beginning of the 1980s, the significant growth of the market of the solar thermal systems for DHW [3], makes it evident that these systems are technically reliable and economically
attractive. However, solar systems had been restricted for this application for many years.
2

When later the first systems for combined preparation of DHW and space heating emerged, they
were individually designed, for which the complexity of the construction and the reduced reliability was the rule. These systems are called solar combisystems.
Things have change a lot in the field the last decades. Solar combisystems have become more
standardized and evaluation and design processes and tools have been developed. In addition,
the interest in the use of solar energy for air-conditioning of the buildings has led to the new
concept of solar combi+ systems. These systems go one step further, by utilizing the surplus
thermal energy during cooling period in order to provide cooling or air-conditioning of the
building.
Since solar cooling and especially the combination of solar heating, cooling and DHW in one
solar system is a relative new concept, no standard procedures and general designs exist. The
design of the whole system and the choice of each component individually is something that the
planner has to decide about, based on his experience and always depending on the climate, the
thermal load of the building, the technology available in each country and other parameters.
Because of all these facts, shortcomings in the system design and controls appear frequently and
system components often do not cooperate harmoniously together, leading to high energy
losses, increased energy consumption of auxiliary systems and little solar energy benefits.
Therefore, the expected energy savings in many cases do not match the results achieved in practice.
It is generally recognized that these systems require much greater effort during the design phase
than conventional systems. The large amount of parameters a planner has to take into account
during the design and installation phase and the lack of basic scientific knowledge in certain
areas and methods makes this work extremely difficult. All these free parameters have to be
limited by providing helpful information, general directions and even fixed standardized systems in which the planner will have to choose between limited given options in order to constrain human error and maximize the overall performance of such systems. Scientific research,
system simulations and experimental studies based on real scale demonstration plants can contribute significantly to this objective.

1.3 Aim of thesis
This dissertation deals with the relative new concept of solar combi+ systems i.e. solar systems
not only for domestic hot water preparation as they are widely used nowadays, but also for
space heating and cooling or air-conditioning. More specifically, the aim of the thesis is the
technical and economic evaluation of the solar combi+ systems, utilized in residential buildings.
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For this purpose a typical single-family dwelling in Rapperswil (Switzerland) is examined, for
which the building loads are covered by a solar combi+ system. The scope is to find the percentage of the required energy which can be covered by the solar system and the primary energy
savings the solar combi+ system can achieve. The study focuses on system related parameters
like the size of the solar collector and the volume of the storage tank in an effort to find their
influence on the overall performance of the system and determine the values that can optimize
the results.
In addition, since the economics of every newly introduced technology have a great significance
for its establishment, a feasibility analysis is also conducted, in order to find whether the solar
combi+ system can compete with the conventional HVAC and DHW preparation systems. The
latter is followed by a parametric analysis, examining parameters like the initial system cost and
energy prices and their impact on the economic feasibility of the solar combi+ system.

1.4 Structure of thesis
The content of this dissertation is structured in 9 chapters which are presented below.
The first chapter is the introductory chapter, in which a brief overview is presented along with
the problem definition, the aim and the structure of the thesis.
Chapter two contains a theoretical background, regarding the solar thermal systems and the solar heating and cooling technologies. The basic operating principles and the market development of these technologies are presented in this chapter.
The description of the most important system components, found in a solar combi+ system and
the technological options that are available for each component are described in chapter three.
In the fourth chapter, a review of the existing literature is performed and specifically of studies
and realized projects with the same or similar content with the subject of this thesis. This literature provides both a basis and a measure of comparison for the results that will be obtained in
the end.
Chapter five presents the methodological approach adopted during the study. The hydraulic configuration of the solar system along with the system components that are used in the simulations, the building loads and the various simulation scenarios examined are also described in
this chapter.
The results of the simulations are presented and discussed in chapter six. Based on these results,
the optimal configuration and the potential of this kind of systems to cover the building loads
can be identified.
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Chapter seven contains the feasibility analysis. Evaluation tools like Net Present Value and Internal Rate of Return are used in this chapter in order to assess the economic feasibility of the
systems.
In chapter eight a parametric analysis is conducted examining the influence of the initial cost of
the system and the conventional energy prices, on the economic feasibility of the solar combi+
system.
Finally, chapter nine includes a summary of the thesis and the final conclusions of the study.

5

2 Overview
The technological evolution of the solar thermal systems has been significant all these years,
starting from the simplest thermosyphon systems only for DHW preparation and reaching the
most complicated solar combi+ systems of today.
This chapter contains an overview of all the different solar thermal systems and their market
development during the years. The solar combisystems, the solar cooling systems and the integrated solar combi+ systems are briefly described and their general characteristics and operation
principles are presented.

2.1 Solar thermal market
Since the early 90s the European solar market has experienced a remarkable growth. As it is
evident from the figures of the German solar energy association [3] and the International energy
association (IEA) SHC program [4] flat-plate collector sales recorded an average 17% annual
growth during the years 1994-2000.
The installed collector area in Europe was approximately 11.4 million m2 by the end of 2000.
Of these, 1.7 million m2 are the unglazed collectors, which are used mainly to heat swimming
pools, while the remaining 9.7 million m2 are flat-plate collectors and vacuum tube collectors
which are used for DHW preparation and space heating. If the installed flat-plate and evacuated
tube collector area is taken into account, by the end of 2000 Greece and Austria have the lead
over other European countries with 264 m2 and 198 m2 per 1,000 residents respectively. The
calculated annual energy output of the 11.4 million m2 of collector area is approximately 4,600
GWh. This corresponds to an annual saving of 704 million liters of oil and to an annual reduction of the CO2 emissions by 1.9 million metric tons.
The path of the market through the years after 2000 was not at all stable. Up until 2008 the
growth rate faced a steep uptrend based on the continuously decreasing prices of the collectors
and the economic growth of the EU countries. In 2008 Germany had already reached 11 million
m2 of solar collectors installed, representing by far the largest market in Europe, followed by
Greece and Austria [5]. This uptrend however is followed by a steep decline in the next two
years (2009, 2010). This is due to the impact of the financial and economic crisis which most of
the European countries face after 2008, having as a result a sluggish building sector and a limitation of the incentives and support schemes for solar thermal. The market is flattening out sub-
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sequently in 2011. As it is presented in the annual report of the European Solar Thermal Industry Federation (ESTIF) for 2011 [6], the total new capacity installed in 2011 remained close to
that installed in 2010 (2.6 GWth). While some important markets like the one of Germany and
Poland continue on the growth path, some others are going through very difficult times (Figure1). This is the fact especially in the southern European countries, like, Spain, Portugal and
Italy. Interestingly enough, Greece presents a slight market growth, mostly due to the high and
growing costs of the other energy sources. Despite the economic and financial crisis, felt especially during the last 4 years, a growth of 3.9% and 9% over the last five and ten years respectively is observed in 2011. Total installed capacity in Europe reached 26.3 GWth in 2011 thus,
generating annually 18.8 TWh of thermal energy and contributing to a saving of 13 million metric tons CO2.

Figure 1. Newly installed glazed collectors in EU 27 and Switzerland [6].
The market turnaround did not happen as many expected in 2012. The annual report of the European Solar Thermal Industry Federation (ESTIF) for 2012 shows that the European market
faced a new reduction in the overall newly installed capacity [7]. The shares of the European
solar thermal market in terms of newly installed capacity are illustrated in figure 2. As it is observed, Germany presents by far the most newly installed capacity followed by Italy and Poland.

8

Figure 2. Shares of European solar thermal market (newly installed capacity 2012) [7].
As long as the economic recession of the continent persists, the negative effects on the solar
market will continue. The new reduction amounts to 6.4%, compared to 2011. The variation in
the newly installed capacity is presented in figure 3.

Figure 3. Total and newly installed capacity in EU27 and Switzerland (glazed collectors) [7].
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Despite the decrease observed over the last four years, the market size was doubled over the last
decade. This corresponds to an annual growth rate of 10%. The same comparison over the last
five years (2007-2012) shows a 20% absolute growth in the annual sales and a 3.6% average
annual growth rate.
In order to achieve the 2020 targets, solar thermal energy for heating, DHW and cooling constitute a key player in the energy policy framework of Europe. It plays a significant role in the European energy strategy, through the national renewable energy plans. The 28 GWth which are in
operation until 2012, contribute to these targets generating approximately 20 TWh of annual
thermal energy and saving 13.8 million metric tons CO2. The latter number is an estimation
based on thermal energy production.

2.2 Solar combisystems
Solar thermal systems can be considered a reliable and mature technology as it is proved by the
increase in the sales of these systems for DHW preparation since the beginning of the eighties.
A wide variety of solar systems for DHW preparation have been developed and adapted to the
needs and climatic conditions of many regions around the world. Simple solar systems with natural flow (thermosyphon systems) and flat-plate collectors are commonly found in low latitudes
whereas more complicated systems with pumps and controls usually appear in higher latitudes.
This confirmed success of the solar DHW systems has been the reason for a growing amount of
home builders and HVAC installers to start considering solar systems also for space heating. A
large enough solar collector in combination with a storage tank and a well insulated building
can cover both the DHW and space heating needs to a significant extend. Moreover, support
schemes in many European countries and the increasing environmental awareness led to the
growth of the solar combisystems market.
These kind of systems (combisystems) however are more complex than DHW systems, as there
are more interactions with additional subsystems. The inherent complexity of implementing a
combisystem which works in conjunction with an auxiliary heat source has resulted in a significantly large number of different variations of these systems.

2.2.1

General characteristics of solar combisystems

Similarities of combisystems with DHW systems are found in the harvesting of the solar energy
process and the transmission of generated thermal energy to the storage tanks. On the other
hand, the main difference is the installed collector surface which now has to ensure two energy
supplies and thus it is significantly higher than that in the case of only DHW preparation.
The amount of heat required annually for space heating compared with the heat required for
DHW preparation depends on the characteristics of the building namely the insulation of the
10

building envelope, the ventilation and infiltration losses, solar and internal heat gains and the
heating set point. Figure 4 illustrates seasonal heat demand for DHW and space heating in a typical well insulated building in France.
A combisystem usually contains two or more thermal energy sources. Solar collectors produce
thermal energy depending on the available solar radiation and the auxiliary heat source is operated when needed in order to cover the excessive demand. The auxiliary heat source is usually a
gas or oil boiler, an electric heater or even a biomass burner. Generally, fluid passing through
the collectors should have the lowest possible temperature in order to achieve good efficiencies,
since higher temperatures result in higher heat losses.

Figure 4. Heat demand for DHW and space heating in a well insulated building in France [8].
As it was mentioned before, solar combisystems have to ensure the supply of two energy consumers. DHW and space heating should always have thermal energy available in two different
temperature fields. In order to achieve this, two different hot water tanks can be used in combination with a smart control unit, acting on the pumps and valves of the hydraulic system. Tanks
will contain water in different temperatures, making it available whenever needed. However,
another configuration can also be implemented, using a single storage tank if this is carefully
designed; attention should be paid to avoid water mixing in order to attain different water temperature levels in the same tank. The different temperatures are achieved due to the property of
the water to have different densities depending on its temperature. This behavior of the water in
the tank is called vertical stratification. Stratification can be created by adding or removing heat
from the storage tank. Heat is added on the upper part of the tank during charging and is removed from the bottom part during discharging of the storage tank.
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Solar fraction, which is the part of heat demand covered by solar energy, can vary from 10% to
100% for different systems. This variation depends on the type and size of solar collector, the
hot water storage volume, the daily DHW consumption, the heating loads of the building and of
course the climatic conditions. The variations of each system can be partially attributed to differences in the prevailing conditions of each country. Figure 5 presents the relationship between
hot water storage volume and collector area for all documented combisystems installed in Europe until 2003. The data may be old but it was the newest it could be found.

Figure 5. Collector area and hot water storage volume for all documented combisystems installed in Europe until 2003[9].

2.2.2

Solar combisystems classification

The realized combisystems have many differences between each other but all the differences are
related to the management and storage of the thermal energy. According to Weiss [8], the designing of a solar combisystem is a complicated procedure during which the planner has to decide about:
•

Whether the auxiliary heat produced will be stored or not.

•

The number of heat storage tanks.

•

The design of the loops.

•

The type of heat exchangers that will be used to transfer heat from one fluid to another.

•

The design and height of the inlets and outlets into and from the storage tank.

•

The flow rates of the heat mediums.

•

The geometry of the stratifiers (mechanical parts aiming to increase stratification) if
there are any.
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•

The controllers of the system.

•

Dimensions of the various system components.

Because of all the different design approaches a solar combisystem can adopt, the various systems are classified to categories depending on their two main features namely the storage of the
space heating water method and the auxiliary heat management method.
According to Suter et al. [10], a combisystem is characterized by a letter from A to D where A
means no controlled storage device for space heating, B means multiple storage tanks or inletoutlet pipes and valves to control the flows, C represents storage tanks with natural convection
for heat management without stratifiers, and D storage tanks with both natural convection and
stratifiers. In more complex systems, there is also the possibility to adopt a combination of both
B and D designs.
In addition, another letter (M, P or S) reveals the adopted design for the heat management. Letter M stands for Mixed mode system in which the heating loop is supplied only by the storage
tank which in turn is charged by the solar collectors and the auxiliary boiler, P represents Parallel mode where the heating loop is supplied alternatively by either solar collectors (or storage
tank) or by the auxiliary device connected in parallel, and S represents the serial mode where
the collectors (or storage tank) are connected in series with the auxiliary boiler and can both
provide thermal energy.
The category to which a solar combisystem belongs can be identified by just analyzing the hydraulic design without any further measurements.
Thus a solar combisystem like the one illustrated in figure 6 is characterized by the letters CM
as it uses a storage tank with natural convection for heat management and the heating loop is
supplied only by this storage tank (mixed mode).
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Figure 6. (CM) solar combisystem [10].
Apart from the features characterized by the above mentioned letters, there are also some other
features optionally indicated by lowercase symbols.

2.3 Solar cooling
During the last decades, cooling and air-conditioning demand is increasing in the building sector. The increased internal gains attributed to the technology development, the increasing thermal comfort demand and living standards as well as the architectural characteristics of the new
buildings (high transparent to opaque elements area ratio, glass buildings) can be considered as
the main reasons for this trend. In addition, passive cooling techniques, applied for centuries in
order to maintain comfort indoor conditions, are not utilized in many new buildings.
Air-conditioning in buildings today is mainly based on conventional, vapor compression technologies and especially on air-conditioning split units. According to the Japan Refrigeration and
Air-Conditioning Industry Association (JRAIA), 94.5 million air-conditioning split units sales
were estimated worldwide in 2011 [11].
Being electrically driven, conventional air-conditioning systems are responsible for high electricity consumption during cooling periods. The widespread use of split units leads to an increasing electrical peak load during summers, which in many cases reaches the maximum limit
of the electrical grid and results in significant electricity supply problems. Despite the high effi-
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ciency the new vapor compression chillers present, it can be considered that ordinary airconditioning split units in existing buildings produce on average less than 3 kWh of “cooling
energy”, consuming 1 kWh electricity. This means that approximately 1 kWh of primary energy
is consumed for the production of 1 kWh of useful cooling.

2.3.1

Solar cooling processes

The increased electricity consumption during summers and all the problems arising by the conventional air-conditioning technologies can be solved to a large extent by solar cooling. Solar
radiation can be converted to heat by using solar collectors, just like the case of solar DHW and
space heating systems. The thermal energy obtained by the collector can then be converted to
“cooling energy”. For this purpose, a wide variety of thermal processes are available. An overview of these processes is presented in figure 7 where a distinction between thermomechanical
processes and heat transformation processes is made. The latter are based on thermochemical
reactions and are of vast importance for solar cooling applications.

Figure 7. Overview of processes to use solar radiation for cooling/air-conditioning. Processes in
yellow represent commercially available technologies and processes in grey represent technologies tested only in pilot projects [12].
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Thermal processes for cooling were initially applied in specific markets and in high capacities
using heat produced from industrial waste or derived from combined heat and power (CHP) facilities. However, the combination of these technologies with heat derived from solar radiation
is also possible.
Solar cooling and air-conditioning is a relative new and growing technology compared to other
applications of solar energy. The utilization of solar energy for the operation of air-conditioning
systems is very attractive, since the high cooling loads are usually caused by high solar radiation. Cooling demand thus, generally coincide with the availability of solar energy.

2.3.2

Solar cooling market development

Already from the eighties, great emphasis was placed on the development of solar systems for
cooling and air-conditioning, especially in United States and Japan. Significant progress was
achieved in designing of components and development of such systems. However this effort
was finally abandoned mainly due to economic reasons.
The activities in the field started again the previous decade with much research being conducted
and many pilot projects being carried out in various countries. Cooperative projects like the
ones carried out in the framework of the International Agency association's (IEA) solar heating
and cooling program played a significant role in the development and dissemination of solar
cooling systems.
Because most of the initially available thermal chillers had large cooling capacities (≥50 kW)
big scale solar thermal systems for centralized cooling applications were the first to be available
in the market. High initial cost and lack of experience regarding the operation and control of
these systems constituted usual drawbacks.
From the middle of the previous decade however, many companies started the development of
small scale chillers with rated power between 5 and 30 kW of cooling capacity. This made also
possible the construction of small scale solar systems for decentralized cooling applications of
individual residencies or offices.
Today there is a large number of realized examples of solar cooling in the word, many of which
are installed in Europe. According to the deliverable D2.2 [13] of the SOLAR COMBI+ project,
until 2008 when the report was published, 107 solar cooling systems were realized at the participating countries, with only three of them though installed on residential buildings. Data regarding the number of systems installed in every country participating in the SOLAR COMBI+
project is illustrated in figure 8.
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Figure 8. Number of installed solar air-conditioning systems in the participating countries of the
SOLAR COMBI+ project (2008) [13].
As it can be seen, Germany is the leader in the solar cooling sector with approximately 50 solar
thermal systems for cooling applications installed and 3 MW cooling capacity. However, the
market penetration of this kind of systems in Germany until 2008 was low and the realized systems refer to pilot or demonstration installations. Spain comes second, numbering in total 30
registered installations. This is mainly due to the high growth rate observed between 2002 and
2004, during which the number of solar cooling plants was almost doubled. Solar cooling in
France and Italy is still in demonstration stage with ten and five realized installations until 2008
respectively. On the other hand, Greece has to demonstrate one solar cooling application in the
residential sector and six in the commercial sector among which is the installation in Sarantis
S.A. cosmetics industry at Oinofita, Viotia, the largest solar cooling plant in the world (until
2008), with a collector area of 2,700 m2 and total capacity of 700 kW.
Coming to 2011, solar cooling market have reached an overall of around 750 realized solar
cooling plants worldwide, as it is stated by Daniel Mugnier and Uli Jakob [14]. This implies a
market growth of about 40-70% annually in the last seven years (Figure 9). The total number of
realized plants shows that solar cooling market is still a small but steadily growing market that
has yet a long way to go. The high initial cost and technical complexity (resulting many times in
shortcomings and difficulties in achieving projected energy savings) compared to conventional
air-conditioning systems are some of the obstacles solar cooling technology is facing. In addition, the lack of awareness and information about solar cooling technology on behalf of the in-
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stallers is an additional obstacle it has to be overcome. Promotion and encouragement of solar
cooling technologies through targeted dissemination measures are of major importance in order
to increase technology penetration into the market.

Figure 9. Market development of small to large-scale solar cooling systems worldwide and in
Europe [14].

2.4 Solar combi+ systems
Solar thermal systems for space heating and DHW preparation (solar combisystems) and solar
thermal systems for cooling applications constitute two different technologies that were discussed in the previous chapters. Going one step further, these two closely related technologies
can be combined in a single solar combi+ system.
Solar combi+ systems have the ability to contribute to the provision of environmentally friendly
heating, cooling and DHW services for the following reasons:
•

They can achieve substantial primary energy saving and CO2 emissions reduction.

•

They can reduce the electricity peak load during summers and contribute to network
stability and security.

•

The combined use of solar energy for heating, cooling and DHW preparation is extending the use of thermal system throughout the whole year thus, solving the stagnation
problems that solar combisystems face and optimizing the economics of the whole system.

•

They utilize non-dangerous fluids inside their components such as water and salt solutions.

•

They emit lower levels of noise pollution and vibrations compared to conventional heating and cooling systems.
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However, the provision of DHW, heating and cooling services through a single system can also
create some difficulties. The cooperation of the different system components and the control of
the subsystems, especially in periods when both heating and cooling loads can arise through the
same day is not an easy challenge. Great effort should be given during the design phase in order
to prevent system shortcomings and achieve the projected energy savings.
In order to overcome all these difficulties, key role played two E.U. cooperative projects, namely the SOLAR COMBI+ (2007-2010) and the HIGHCOMBI project (2007-2011). The contribution of these projects was great, studying a wide variety of possible configurations and hydraulic
schemes and developing standardized solutions for residential and small commercial applications. Numerous simulations have been performed within the project SOLAR COMBI+ for this
purpose, placing emphasis on most promising configurations (based on detailed market analysis) and assessing their performance. The result was the identification of a limited number of
configurations and the promotion of packaged solutions with the possibility to be manufactured
on large scale level.
Although the market for solar combi+ systems is still in an initial stage, it is believed that there
is a significant potential for the use of solar thermal systems for space heating and cooling or
air-conditioning applications, especially in southern Europe where the solar radiation is higher.
The initial cost of such systems, in combination with the relative low conventional energy prices
and the lack of expertise and information constitute the main barriers for the dissemination of
solar combi+ systems.
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3 Description of systems and
components
During the design stage of a HVAC system, the designer/planner of the system is responsible to
choose between the different system configurations and components that will best provide the
desired outcome. Especially in the case of non-conventional HVAC systems like the solar combi+ system examined in the context of this thesis, the selection of these features should be done
with great caution in order to prevent system malfunctions and achieve both the fulfillment of
user's needs and the projected energy savings.
Solar combi+ systems consist of three primary subsystems. The heat production subsystem,
which is responsible to collect solar radiation, convert it to thermal energy and store this energy,
the cold production subsystem, which uses the thermal energy to produce chilled water through
a heat transformation process and the distribution system, which is responsible to distribute the
hot and cold heat transfer medium and provide the space heating, cooling/air-conditioning and
DHW services.
In this chapter the three subsystems of a solar combi+ system are presented. The various components of each subsystem are described and the different technological options for every component are discussed.

3.1 Heat production subsystem
The heat production subsystem is the system part that provides the required thermal energy for
the three heat sinks namely the space heating, cooling or air-conditioning and DHW preparation. The thermal energy is either used directly to provide heating (through the heating distribution system) and DHW supply or it is used to provide the necessary energy to the thermally driven cooling system. The main component of the heat production subsystem is the solar collector. In addition, the thermal storage and the auxiliary heat source are also some key components
and are presented analytically in the following subchapters.

3.1.1

Solar collectors

The solar collector is responsible to collect the incident solar radiation, to convert it into thermal
energy and to transfer this energy to a fluid flowing through the collector. The main component
in a solar collector is the absorber where collection of the radiation is taking place. The heat
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then is partly transferred to the heat medium (usually water or water-glycol mixture) and the rest
is lost to the environment. In order to reduce the energy losses, almost every collector (except
unglazed collectors) is protected by a transparent cover which has a dual purpose: On the one
hand, it allows as much solar radiation as possible to impinge on the absorber and on the other
hand, it reduces radiation losses and convection to the atmosphere. The collector is connected to
a piping network by which the heat medium is transferred either to the heating/cooling equipment directly or to the heat storage from where it can be drown for later use.
A measure of the performance of a solar collector is the collector efficiency. It is defined as the
ratio of the useful heat produced by the collector to the energy received by solar radiation on the
collector's surface. Collector efficiency can be expressed as a function of solar radiation G
[W/m2], average fluid temperature Tave [oC], ambient temperature Tamb [oC], and some constant
parameters depending on collector's construction and materials used, as it is presented in equation 1.


Q
(Tave -Tamb )
(Tave -Tamb ) 2
useful
η=
=c0 -c1 ⋅
-c 2 ⋅
A×G
G
G

(1)

There are several types of solar collector technologies available on the market. The appropriate
type of collector depends on the local conditions (solar radiation available, ambient temperature) and the needed driving temperature (depending on the selected cooling technology). As it
is presented in the final report of the SOLAR COMBI+ project [5] for a solar combi+ system
there are 4 relative temperatures levels:
•

40°C for a low temperature space heating system

•

60°C for DHW preparation

•

70°C typical driving temperature for adsorption chillers

•

90°C typical driving temperature for absorption chillers

The selection of a solar collector should be based on the efficiency curves, comparing their efficiency at usually prevailing environmental conditions and at the highest temperature level
needed.

Flat-plate collectors
Flat-plate collectors are commonly used for DHW preparation and constitute the most commonly found solar collector type, dominating the market. A typical flat-plate collector with its components is shown in figure 10.
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Figure 10. Flat-plate collector. (Source: http://www.greenspec.co.uk)
The solar radiation is transmitted through the transparent (usually glass) cover and it impinges
on the black absorber plate with high absortivity. Most of the collectors have a selective coating
installed on the absorber surface, allowing the absorber to absorb all the visible range of the solar radiation and reducing the emissivity in the infrared range thus, increasing the radiation converted to useful energy. Selective coatings are also available for the transparent covers. They are
applied in the inner surface of the cover transmitting the visible range and reflecting back to the
absorber the infrared range of the radiation reducing even more the energy losses.
Heat produced in the absorber plate is transferred to the heat medium in the tubes, in order to be
transferred to the storage tank or to be used. The coupling of the tubes to the absorber plate
plays a key role for the performance of this type of collectors. They can either be welded on the
absorber plate or they can constitute an integral part of it. The tubes are then attached to larger
diameter header tubes connecting the collectors to the rest of the system.
All the above mentioned components are enclosed in a robust weather tight and well insulated
casing thus reducing even more the heat losses to the environment.
Flat-plate collectors can be found in modules ranging from 1.8 m2 to 10 m2 [12] and are usually
fixed mounted in a position. They should face south when located in the northern hemisphere
and north when located in the southern hemisphere with an optimum inclination angle equal to
the latitude ±15o depending on the application. Exceptions can arise when they are integrated in
a sloped roof or even on vertical walls enhancing the aesthetic appeal of the building.
Typical efficiency curves for flat-plate collectors are presented in figure 11.
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Figure 11. Typical efficiency curves for flat-plate collectors [12].

Evacuated tube collectors
Evacuated tube collectors were introduced into the market in the 1970's. Although there are several European manufacturers, the evacuated tube collectors market is dominated by companies
from the East (mainly China).
They operate in a different way than flat plate collectors. An evacuated tube collector consists
of a pipe placed inside a vacuum-sealed tube. This configuration results in a reduction on convection and conduction losses and thus the collector operates at higher temperatures. In order to
withstand the atmospheric pressure (inside the tube the pressure is a few Pascal), a tubular
geometry is necessary.
The inside pipe (usually copper pipe) is sealed and contains a small amount of fluid such as methanol. The pipe ends up to a metal tip (condenser) protruding outside the vacuum tube and the
fluid undergoes an evaporating-condensing cycle. A dark copper fin is mounted on the pipe
working as an absorber plate. As it is presented in figure 12, solar radiation heats the inside heat
pipe forcing the fluid to evaporate and rise to the top of the tube inside the condenser. In the
condenser the fluid is cooled by the passing liquid and condenses. It then returns to the bottom
of the pipe in order to repeat the cycle. For this to happen, the collector should always be fixed
mounted with a certain inclination in order for the condensed fluid to return to the heat pipe.
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Figure 12. Working principle of an evacuated tube solar collector [15].
Many evacuated tubes are combined together to create an integrated solar collector with their
condensers located inside a header tube (Figure 13). The heating medium is circulating inside
this tube transferring the heat obtained from the condensers to the system.

Figure 13. Evacuated tube collector. (Source: http://www.apricus.com)
A wide variation of evacuated tube collectors with different technologies is available in the
market. Further analysis of these technologies however, is beyond the scope of this thesis.
Typical efficiency curves for flat-plate collectors are presented in figure 14.
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Figure 14. Typical efficiency curves for evacuated tube collectors [12].
As it can be seen, evacuated tube collectors usually have lower initial efficiency than flat plate
collectors but they present a smaller slope, making them suitable for climates with unfavorable
conditions (cold, windy days with reduced solar radiation).

Stationary compound parabolic collectors (CPC)
The need for more provided useful heat, limited though by the available space for the installation of the collector, can be fulfilled by concentrating collectors. Compound parabolic collectors
concentrate solar radiation in a small absorber area improving the collector's performance. The
absorber area is covered by a selective coating, increasing even more the amount of radiation
converted to useful energy.
Concentrating collectors are characterized by the ratio of the collector's aperture area to the collector's absorber area called concentrating ratio (equation 2).

C=

A collector
A absorber

(2)

The higher this ratio is, the higher the concentration it achieves, thus increasing the provided
useful thermal energy.
Τhe reflector is designed in order to ensure that all incidence on the collector aperture solar radiation (within an acceptable angle) will reach the absorber surface (Figure 15). The solar beams
may be reflected once or more times by the reflector. In addition, CPC's can also collect diffuse
and ground reflected radiation increasing even more their efficiency.
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Figure 15. Working principle of a stationary compound parabolic collector. (Source:
http://www.fossilfreedom.com)

Other types of solar collectors
Except from the above mentioned solar collectors, unglazed collectors and solar air collectors
also exist in the market. The first consist of black PVC tubes connected in parallel and are
usually used for swimming pools heating. As they have no glazing protection and they are not
insulated, they are susceptible to weather conditions and present high heat losses. Solar air collectors on the other hand are similar to flat plate collectors. However an electric fan is used in
this case in order to circulate air in the collector. They are used in applications where warm air
is needed (e.g. drying of agricultural products.)
These types of collectors are used in specific applications and are unsuitable for solar combi+
systems. Thus, further analysis is considered redundant.

3.1.2

Auxiliary heat source

Auxiliary sources are needed to ensure that a solar combi+ system always has available enough
heat to cover the DHW, heating and cooling or air-conditioning demands.
An auxiliary energy source can be used on either the heat or cold production subsystem (conventional electrically driven chiller). It is common though to use a single auxiliary source on the
“hot” side covering the excess heat and DHW loads and supplying with hot water the thermally
driven chiller when excess cooling demand appears.
Auxiliary or backup heaters play a significant role in periods with high heating or cooling loads
and reduced solar radiation. Then the solar system is unable to provide the necessary heat at the
temperature required and the backup heater is responsible to cover the excess demand.
The auxiliary heater can be either a gas/oil burner or an electrical heater integrated in the storage
tank or as a separate boiler. In some cases a biomass burner can also be used but attention
should be paid on the minimum operating time of this kind of systems.
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The efficiency of the auxiliary heaters depends on the type and technology of the heater, reaching up to 110% (based on the lower heating value of the fuel) for some types of condensing gas
boilers. However, for solar combi+ systems the temperature needed is usually too high and thus
the condensing gas boilers are unsuitable.

3.1.3

Heat storage

The solar system is unable to provide heat during night or during cloudy days when solar radiation is absent. Conversely, during days with high solar radiation the heat provided by the collector may be much more than that needed to cover instantaneous DHW, heating and cooling demands. This mismatch between the heat provided by the collector and the DHW, heating and
cooling loads can be overcome by a storage system, allowing thermal energy obtained during
periods with high solar gains to be used later when solar energy will not be sufficient.
Usually, a hot water tank is used, integrated in the heat production subsystem. However it is
also possible to have a cold storage in the cold production subsystem, storing chilled water for
periods when “cold production” is not sufficient to cover the cooling demand.
Heat storage plays a key role in the operation of a solar combi+ system:
•

It has the ability to regulate the mass flow and temperature delivered to each component
of the system (e.g. space heating distribution system, DHW system, thermally driven
chiller).

•

It connects together heat sources and heat sinks.

•

It stores heat provided by intermittent sources (solar collector) for periods when there is
lack of it.

•

It allows auxiliary systems to work at full capacity and not part load depending on the
needs, keeping their efficiency at a maximum level. It also allows heaters with minimum operating time (biomass burners) to be used in the system, storing the surplus
energy produced during this time.

•

It can store heat at different temperature levels (stratification) thus, avoiding water mixing which would result in high exergy losses.

In figure 16 a hot water storage tank with its operating principles is presented.
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Figure 16. Schematic representation of a hot water storage tank. Different options with internal
(*) or external (**) heat exchanger for the solar collector are presented [12].
The storage tank incorporates two heat sources namely a solar collector and an auxiliary boiler.
The solar collector can be connected to the storage tank either through an internal heat exchanger located at the bottom of the tank (suggested for small collector areas) or with an external heat
exchanger and inlets/outlets which provide or remove water into or from the storage tank (suggested for large collector areas). For high flow configurations (temperature rise 5-10oC) the inlet
is usually positioned lower in the tank allowing the tank fluid to slowly heat up from the bottom
to the top, whereas for low flow configurations (temperature rise of up to 40oC) usually special
devises are used, called stratifiers, placing the inlet fluid coming from the collector at the level
where the same temperature exists [12].
Heat exchangers create only limited stratification and should be used with caution because in
many cases can destroy the existing stratification by mixing the water. On the other hand, by
using inlets and outlets, good vertical stratification can be created provided that they are correctly designed and placed at heights which are selected in accordance with the overall design of the
system.
The various heat sinks can be supplied with thermal energy also by using either internal or external heat exchangers. In the latter option the inlets and outlets are placed higher or lower in the
tank depending on the temperature level necessary for the respective heat sink.

3.2 Cold production subsystem
Cold production subsystem is responsible to receive heat produced by the heat production subsystem and utilize it in order to provide cooling or air-conditioning services. For this purpose
both closed and open cycles can be used (Figure 7). Absorption and adsorption chillers are
commonly used in closed cycles, providing chilled water for the coverage of the cooling loads.
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On the other hand, open cycles are mainly desiccant cooling systems that provide conditioned
air, contributing to a more direct control of the indoor climate. All the above mentioned technologies are presented in this chapter, along with the conventional electrically driven chillers
which can be used as an auxiliary source.
The basic principle of a thermally driven chiller (closed cycle) is presented in figure 17.

Figure 17. Basic thermodynamic scheme of a thermally driven heatpump (absorption chiller).
A thermally driven heat pump consumes energy in order to extract heat from a low temperature
source and transfer it to a sink with higher temperature (intermediate level). While in the case of
a conventional vapor compression heat pump the energy is consumed in the form of electricity,
in a thermally driven chiller the necessary energy comes from a high temperature fluid (in our
case from the solar collector or the hot storage) and is called driving heat. The low temperature
source represents the conditioned space and the heat obtained is essentially producing the cooling effect. The heat is finally rejected in the intermediate heat source which is usually the external environment. The same principle applies also for desiccant cooling systems (open cycle).
A measure of the performance of a thermally driven refrigeration system is the coefficient of
performance (COPthermal) which indicates the useful cooling provided in the conditioned space,
per unit of driving heat as it is presented in equation 3.

COPthermal =


Q
low

Q high

where:

Q low = Heat extraction rate from the low temperature source
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(3)

Q high = Driving heat flow rate to the thermally driven cooling system

COPthermal depends always on the operation conditions, namely the low, intermediate and high
temperature levels. Typical COPthermal curves of sorption chillers as a function of the driving
temperature are presented in figure 18. As it can be seen, COPthermal is well below COPelectrical of
conventional vapor compression chillers. However a direct comparison of the two coefficients is
not appropriate since the energy input is different.

Figure 18. COPthermal curves and COPideal for various sorption technologies as a function of
the hot water inlet temperature (driving temperature) [12].
Below, all the technologies and components of the cool production subsystem are presented and
analyzed.

3.2.1

Closed cycles - Chillers

Chillers produce chilled water which is then fed to the cooling distribution system in order to
cover the cooling loads. As their effect is usually limited to control the indoor temperature, they
can be combined with an additional dehumidifier in order to provide complete air-conditioning
services. Absorption chillers, using liquid sorbent and adsorption chillers, using solid sorbent
are commonly used in solar air-conditioning systems and are described below. Both technologies provide thermal compression of a fluid (refrigerant) instead of mechanical compression
provided by conventional electrical driven chillers.

Absorption chillers
Adsorption chillers are the dominant heat driven cooling systems in the market. Their operating
principle presents many similarities with the vapor compression technology as far as the con31

densation, the expansion and the evaporation of the refrigerant are concerned. Instead of an
electrically driven compressor however, a generator-absorber pair is used compressing the refrigerant by utilizing the driving heat. The basic absorption cycle is presented in figure 19.

Figure 19. Operation principle of an absorption chiller. (Source: http://www.raee.org)
More specifically, the absorption cycle consists of the following five steps:
1. The refrigerant enters the evaporator in the form of a liquid-vapor mixture. The mixture
evaporates due to heat extracted from the air-conditioned space (low temperature
source) thus providing the cooling effect.
2. The vapor is then transferred to the absorber where it forms a diluted solution as it is
absorbed by the absorbent liquid. During this process, latent heat is created and must be
extracted. A cooling tower is commonly used for this purpose.
3. A pump is then used to drive the solution to the generator. The driving heat in the generator heats the solution above the boiling temperature forcing it to boil. The refrigerant
vapor is released and directed to the condenser at high pressure and the absorbent liquid
returns back to the absorber.
4. Then the refrigerant condenses in the condenser, rejecting heat to the intermediate temperature level (usually cooling tower).
5. Finally, the refrigerant passes through the expansion valve where the pressure is reduced and is directed to the evaporator to start the cycle again.
Mixtures of water-Lithium Bromide (LiBr) or Ammonia (NH3)-water can be used in absorption
systems.
Single effect large absorption chillers require driving temperatures of 80-100oC and present a
COPthermal of between 0.7-0.8 [12]. Single effect absorption is commonly used in solar cooling
systems as the driving temperature required is relative low. However double effect absorption
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chillers with an improved performance of around 1.1-1.2 COPthermal are also available in the
market and can be used as well in a solar cooling system [16].

Adsorption chillers
Apart from the liquid sorbent processes, chillers using solid sorbents are also available in the
market. Highly porous solid sorption materials are used for this purpose. Unlike absorption chillers, who have the ability to circulate the solution between the generator and the absorber, the
solid sorbent in an adsorption chiller has to be cooled and heated interchangeably, in order for
the refrigerant to be adsorbed and desorbed. The adsorption cycle is illustrated in figure 20.

Figure 20. Operation principle of adsorption chillers [17].
A more precise description of the operating principles of adsorption chillers includes the following steps:
1. The solid sorbent in the right compartment (Figure 20), which previously served as the
adsorber, is now provided with hot water (driving heat) and the adsorbed refrigerant is
desorbed.
2. The refrigerant enters the condenser where it is cooled by water coming from the cooling tower.
3. The cooled refrigerant passes through an expansion valve and is driven to the evaporator with low pressure. There, it evaporates and produces the cooling effect.
4. The refrigerant vapor from the evaporator is finally adsorbed by the solid absorbent in
the left compartment which now serves as the adsorber. In order to increase the efficiency, heat is removed from the adsorber by means of cooling water.
Once this cycle is completed, the left and the right compartment interchange their function in
order for the cooling process to continue. This is usually done by automatic external valves. The
left compartment is now provided with hot water, becoming the desorber and the right com-
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partment is cooled by the cooling water, becoming the adsorber. Adsorption process can be considered as intermittent.
Commercially available adsorption chillers have water-silica gel as a working pair but also water-zeolite, ammonia-activated carbon, methanol-activated carbon etc. are tested in pilot
projects.
The main advantage of the adsorption chillers is the relative low driving temperatures they require (down to 55oC) compared to the absorption chillers. The absence of a solution pump and
the low noise levels are also some of the advantages. On the other hand, the lower COP of about
0.6 that they present, constitute the main disadvantage of these chillers.

3.2.2

Open cycles - Desiccant systems

Desiccant systems are a completely different type of cooling systems. While absorption and adsorption chillers provide chilled water to any type of air-conditioning distribution system, desiccant systems are used to provide conditioned air directly. A desiccant material (liquid or solid)
is used for this purpose in order to provide both cooling and dehumidification to the supplied
air. Most commonly found desiccant systems use rotating desiccant wheels which are equipped
with a sorption material (silica gel or lithium-chloride). The operating principles of such systems are presented in figure 21.

Figure 21. Schematic drawing of a solar driven desiccant system [18].
The air flowing through a desiccant system undergoes the following processes:
1-2

External air from the environment is dehumidified in the desiccant wheel, an almost
adiabatic process by which the air temperature is increased.
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2-3

The air is then preecooled in the heat recovery wheel by the return air from the
building.

3-4

In the humidifier, the air reduces its temperature by means of evaporative cooling.
The humidity of the air also increases to the desired supply level.

4-5

The heating coil operates only during heating period and can be supplied by hot water from solar collectors. In this way there is no need for a different heat distribution
system.

5-6

A small increase in temperature is expected due to the fan.

6-7

Air temperature and humidity increases because of the internal loads.

7-8

Evaporative cooling is used again in order to cool the return air close to saturation
conditions.

8-9

The return air is preheated in contact to the heat recovery wheel.

9-10

Heat is supplied to air (for example by a solar collector system) in order to be used
as regeneration air. A heating coil may also be installed here as an auxiliary system
if the solar thermal energy is insufficient.

10-11

In the dehumidifier wheel, the water in the pores of the desiccant material is desorbed by the regeneration air and the material can be used again to dehumidify inlet air.

11-12

The air is finally blown to the environment by the return fan.

Open cycles like the one described, can be used only in temperate climates with low humidity
levels. Since the feasible dehumidification is limited, ambient air with higher humidity levels
cannot be cooled by means of evaporative cooling. For Mediterranean and other humid climates, other configurations with enthalpy exchanger or cooling coils have to be used as it is described by Henning (2007) [18].
Desiccant systems present cooling capacities of between 5-6 kW/1000m3/h and a COPthermal of
about 0.7 under normal conditions. The coefficient of performance of these systems however, is
highly depended on ambient air, supply air and return air conditions.
These systems constitute an interesting technology mainly for large commercial buildings where
usually central ventilation systems are used. For residential buildings however this is not the
rule.

3.2.3

Cold storage

Just like hot storage in the heat production subsystem, there is also the possibility to integrate a
cold storage in the cold production subsystem. This is possible when chilled water is used as the
cooling medium.
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Cold storage in a solar assisted cooling system allows the chiller to operate independently from
the cooling demand of the building. In this way, the chiller can be operated at full load and thus
at high efficiency, even if the required cooling is limited. The surplus chilled water can be
stored in the cold storage tank and be utilized later on, when the hot water produced by the solar
system will not be sufficient to drive the thermal chiller and cover the cooling load. In addition,
shortages of solar radiation which can last some seconds or minutes due to clouds and mismatches between available solar radiation and cooling loads (peak loads occur in the evening
whereas peak radiation occurs at noon) can be overcome with the integration of a cold storage.
There are three main types of cold storages that are commonly used in cooling systems, the eutectic salt, the ice and the chilled water systems.
In ice-based storage systems the latent heat of water fusion (335 kj/kg) is utilized for “cold” storage purposes, whereas in eutectic salt storage systems a solution of eutectic salt and water is
used and its phase change (it freezes typically near 8oC) is utilized in order to store cooling capacity. Chilled water storages on the other hand, utilize the sensible heat capacity of water.
The main advantage of using cold storage instead of a hot storage is the amount of energy required to be stored in order to cover a certain cooling load. For a cold medium this is lower than
for a heat medium if COPthermal of the thermally driven chiller is lower than 1, which is usually
the case. This is also illustrated in figure 22. In addition, the fact that chilled water temperature
is usually closer to the air temperature surrounding the storage results in lower heat losses.

Figure 22. Storage volume required for chilled water storage and hot water storage for different
COP's of the thermally driven chiller in relation to the usefull temperature difference [12].
On the other hand, as a main disadvantage can be considered the storage density. Cold storages
present lower storage densities than hot storages due to the lower useful temperature difference
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the cold storages can utilize. This results in much larger storages required, when cold storage is
considered.

3.2.4

Auxiliary vapor compression chiller

In a solar cooling or a combi+ system, vapor compression chillers can be used as an auxiliary
chilled water source. Like in the case of an auxiliary heat source, a vapor compression chiller is
used to ensure that the solar cooling system always has available enough “cooling” energy to
cover the cooling demands.
Typical COPconv values for vapor compression chillers ranges from 2 to 4.7 for low cooling capacities (up to 500 kW) and can reach even 8 for large capacity centrifugal compressors [12].
Since COPthermal of thermally driven chillers is lower than 1 and COPconv of vapor compression
chillers is much higher than one, it is preferable to use an auxiliary chilled water source instead
of an auxiliary heater in order to cover the remaining cooling loads. In this way less energy is
consumed in order to cover the same cooling load. On the other hand, since heat backup is necessary in combi+ systems for the coverage of space heating and DHW loads, an additional
cooling backup like a vapor compression chiller will increase further the initial investment cost
of the system.

3.2.5

Cooling towers

In order for a chiller to operate, heat must be extracted from the condenser. For this reason, all
chillers are connected to a heat rejection system which is normally a cooling tower.
A cooling tower is essentially a heat exchanger in which the cooling water rejects heat to the
environment. There are two main types of cooling towers namely the open circuit and the closed
circuit systems.
In open circuit systems (or wet cooling towers) there is direct contact between the cooling water
and the ambient air. A percentage of 2-3% of the cooling water evaporates in this way and latent
heat transfer is mainly used to reject heat to the environment. Wet cooling towers are characterized by their highly efficient operation and their minimum initial investment cost. These features made this type of systems prevail in the market.
The electricity consumption of their fan is in the range of 6-20 W/kW of cooling power depending on weather axial or radial ventilators are used [12]. There is however, also the possibility to
use a ventilator with a frequency control, in order to reduce the energy consumption of the system. This configuration is highly recommended when a solar assisted cooling system is considered, since in such systems the energy savings are the main goal.
On the other hand, the high water consumption that the open cooling towers present constitute
their main drawback.
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An open cooling tower with its working principle is presented in figure 23.

Figure 23. Schematic drawing of an open cooling tower. (Source: http://www.cleanair.com)
In closed circuit systems on the other hand, there is no direct contact of cooling water and ambient air. These systems present a variety of types, ranging from dry air systems to another type
of wet cooling towers. Dry air coolers use only sensible heat transfer to reject heat to the ambient air whereas closed circuit wet cooling towers contain an additional water circuit which
sprays heat exchanger tubes in order to utilize latent heat transfer for cooling.
Closed circuit systems generally present high electricity consumptions compared to open circuit
systems. On the other hand, their main advantage is the fact that they do not consume water for
their operation.

3.3 Heat distribution systems
In order for the heat to be provided (during heating) or extracted (during cooling) to/from a
building, a heat distribution system must be used. Based on the heat medium that is used, there
are two main categories for the heat distribution systems namely the air and water distribution
systems.

3.3.1

Air distribution system

An air distribution system can directly provide complete heating, cooling and dehumidification
services for the building, without any additional system required. In these systems, air is transmitted through air ducts to the conditioned space and is delivered to them through air outlets
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(diffusers and grilles) or mixing boxes. The return air is driven back to the heat/cool production
system where energy is recovered or it is exhausted to the environment.
Air systems are often used in big buildings like hotels, office buildings, hospitals and schools.
Their biggest advantages are that they allow for individual control of every zone and that they
have the potential to use external air for natural cooling. In addition, heat recovery mechanisms
can be easily integrated in such systems, resulting in high energy savings. On the other hand, the
high installation costs and the requirements for additional space for ducts constitute their main
drawbacks.

3.3.2

Water distribution system

Unlike air systems, water transmission systems provide or extract heat to/from a space by heat
transfer between the indoor air and the heat medium (usually water). These systems are able to
cover both heating and cooling demands but in order to satisfy the minimum required ventilation rate, fresh air must be provided to the building. This can be done by infiltration, natural
ventilation or even by an additional mechanical ventilation system. The ability to handle the
latent loads, providing thus, dehumidification also, depends on the air-conditioning terminal that
is used. Commonly used terminal units include fan coils, radiant floors, radiant ceilings and natural convection systems such as chilled beams. The use of conventional radiators is also possible, but their application is limited for space heating purposes only.

Fan coils
A fan coil system is a simple device that consists of a heat exchanger (coil) and a fan, both
packaged in the same unit (Figure 24). The coil is supplied with either hot or cold water and the
fan is used to circulate indoor air around it. These units are usually controlled by simple thermostats or by more advanced electronic systems using microprocessors and varying the speed of
the fan, the opening of the valves etc.
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Figure 24. Schematic drawing of a two pipe fan coil. (Source: https://www.belimo.us)
There are two main types of fan coil units namely the two or four pipe systems. The two pipe
systems have one pipe supplying the heat exchanger with heat medium and another pipe for the
returning of the medium to the heating or cooling system. The heat medium can be hot or
chilled, depending on the operation mode, providing heating or cooling respectively. On the
contrary, four pipe systems incorporate separate coils for heating and cooling which are supplied by different pipes. These systems are equipped with cooling and heating valves and their
controllers can be located on the fan coil units or can be wall/remotely mounted.
Standard operating conditions of the fan coils are defined in the Eurovent standard 6/3 [19]. According to the standard, a supply/return water temperature of 7/12oC for indoor temperature of
27oC is defined for the cooling mode whereas for heating mode, the supply return temperature is
defined at 70/60oC for a four pipe system and 50/40oC for a two pipe system (for 20oC indoor
air temperature).
Fan coils present cooling capacities in the range of 0.5 to 10 kW but significantly higher heating
capacities (two times higher). The energy consumption of a fan coil is mainly due to the fan and
varies between 3% and 7% of cooling capacity if it operates at minimum capacity and between
1% and 2.5% if it operates at maximum capacity [12]. Usually fan coils also have the ability to
control the indoor humidity thus providing complete air-conditioning services. In these cases an
additional device is located under the coils in order to collect and dispose the condensate.
The main advantage of the fan coil units is that the thermal zones can be controlled and managed individually by separate controllers or by a central control unit. This allow for unoccupied zones to be separated by just switching of the local unit. In addition, for fan coil systems
only a piping installation is needed, requiring less space than air systems.
Their main drawbacks include the need for the condensate to be removed, the additional fresh
air needed, which in many cases requires separate ducts and the difficulties these systems
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present when heat recovery is considered. Moreover, the potential noise of these systems is in
many cases unavoidable because of the existence of the air fans inside the occupied areas.

Radiant floors
Floor heating systems constitute a well established technology and are widely used for years
both in residential and commercial buildings. On the contrary, floor cooling is a relative new
concept, although many successful installations have been presented the last years.
A radiant floor system is simply a network of pipes inside the floor, through which the hot or
cold medium circulates, supplying or extracting heat to/from the indoor environment. The piping network which is usually made of pvc, is installed over an insulating layer in order to restrict the floor heat losses. The whole construction is integrated in a floating slab.
The supply water temperature for the cooling mode ranges between 12 and 20oC, considerably
higher than fan coil units. Similarly, in heating operation mode, supply water temperature range
between 30 and 45oC considerably lower than in conventional systems (radiators). This makes
radiant floor systems advantageous over other systems since with less temperature difference
between the heat medium and the environment, less energy losses occur. A second advantage is
that these systems are integrated completely in the floor. This makes them completely invisible
and no additional exploitable space is required.
On the other hand, the limited cooling capacity and the inability to cover the latent loads can be
considered as the main drawbacks. An additional air handling unit is required in order to provide fresh air and control the humidity of the indoor air.

Radiant ceilings
The most common use of radiant ceilings is to provide cooling (chilled ceilings). However, ceilings supplying heating to a space, or providing both heating and cooling services, depending on
seasonal needs are also available.
A radiant ceiling, similarly to the radiant floor, consists of a piping network through which the
hot or cold medium (usually water) circulates. The pipes however are, for this system, located
on the ceiling. In order for the pipes to be invisible and to have a nice aesthetical result, they are
either installed on the ceiling and then covered by a false ceiling, or attached behind the false
ceiling elements directly. The pipes are usually made of pvc or copper.
For the cooling mode, the water supply temperature is in the range of 16-18oC whereas for heating mode, an inlet water temperature in the circuit down to 30oC may be sufficient. By changing
the water supply temperature and flow rate, the zone temperature can be controlled. However,
attention should be paid on the minimum allowed water temperature in order to avoid condensation problems. Specialized due point sensors can be installed for this reason.
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Similarly to the radiant floors, the main advantage of radiant ceilings is the relatively high water
supply temperatures in cooling mode and the low supply temperatures in heating mode. This
makes radiant ceilings more efficient systems compared to conventional fan coils and radiators.
Regarding their disadvantages, radiant ceilings can provide only sensible heating and cooling.
For this reason, again ventilation should additionally be provided to the building in order to
cover the latent heat loads and supply fresh air to the building. The cooling capacities of radiant
ceilings are also considered rather limited, although they are higher than radiant floors. Typical
cooling capacities range between 70 W/m2 and 140 W/m2 [12], depending on whether a drop-in
or a free hanging design is adopted.
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4 Literature review
In this chapter an overview of the existing literature is presented. Emphasis is placed on studies
about solar combisystems for space heating and DHW preparation, as well as on solar cooling
systems. Parameters affecting their operation have been studied for years by many researchers
trying to find the best configurations and the results of these studies are briefly described and
discussed.
A combination of all these applications in an integrated solar combi+ system is a relative new
concept and the literature for this kind of systems is thus limited. The main sources of information for these systems are several E.U. projects trying to develop and disseminate the solar combi+ systems.
The literature presented in this chapter constitutes a background, but also a measure of comparison for the results derived from this thesis.

4.1 Solar combisystems
In one of the oldest experimental studies (1964) regarding solar thermal systems for combined
DHW and space heating, a solar system was installed on the roof of a residential building at the
institute of technology of Massachusetts [20]. The system was designed to cover approximately
2/3 of the building's heating loads and metering devices were installed in order to monitor its
performance. The results of the two year operation of the system however showed that the solar
fractions for DHW preparation and space heating were only 0.57 and 0.48 respectively.
Twenty years later, S. Karaki, et al. [21] studied the performance of solar heating and cooling
system installed on a 260 m2 residence at the Colorado state university. 48.7 m2 of flat plate collectors were installed for this reason and the monitoring of the system during the winter season
1983–84 showed a heating load coverage of 80%.
Due to lack of scientific knowledge and simulation tools, system sizing during those years was
not properly justified and was based mainly on rules of thumb. This led to wide deviations on
solar fractions observed in studies of that period and mismatches between expected and actual
results.
In a more recent study [22], a two-floor residential building of 172 m2 in Murcia (Spain) was
selected for the experimental installation of a solar heating system. The system consisted of
15.36 m2 flat plate collectors facing south with a tilt angle of 50o, a 365 lt storage tank and a
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heat pump used as an auxiliary heater. For the distribution of the heat into the house, a radiant
floor system is used. In contrast to the two previous studies, system sizing is now based on the
f-chart method in order to estimate the solar fraction and on an economic analysis, weighting
the solar system cost and the cost of energy saved, in order to find the optimal solar collector
area. The collector area was finally restricted to 15.36 m2 due to space availability on the roof of
the house, giving a solar fraction of 57.6%. However, deviations from the actual results were
observed in this study too, especially for January and February (actual solar fractions 20% lower
than predicted) mainly due to the assumptions the f-chart method makes.
This lack of matching between predicted and actual results observed in many studies is evident
of the difficulties encountered by scientists and planners, trying to design a solar heating system
and obtain the maximum performance. Details regarding system design and especially regarding
the heat storage and how thermal energy is transferred from and to it, affected greatly the system performance. The complexity of these systems and the interaction between the various subsystems and components made their work extremely difficult.
For this reason, Task 26 “Solar Combisystems” (1998-2002) of the solar heating and cooling
program of International Energy Agency (IEA) aimed at reviewing, analyzing, testing, comparing, optimizing and improving designs and solutions of solar combisystems. This was achieved
by international cooperation of 25 experts from 9 countries and 11 solar industries. The results
of the task 26 are summarized in a design handbook [8] where, the various combisystems designs along with some built examples are presented and their performance and reliability is evaluated. Moreover, some dimensioning guidelines are also provided for the components of a solar
combisystem, as derived from the results of the project.
Regarding solar collectors, according to the above mentioned design handbook a south orientation and a steep slope is suggested. In the case of Austria for example, the highest solar fraction
is obtained with a south orientation and a tilt angle of about 55o. The orientation though can
vary 30o from south and the slope angles can be chosen between 30 and 75o with a small decrease in performance (less than 10% reduction in energy savings). Similar results are obtained
from the parametrical study of a solar combisystem with 20 m2 flat plate collectors, installed on
a 140 m2 residential building and simulated in different regions in Greece. In their study, Aidonis et al. [23] present that deviations of the slope angle in the range of ± 10º and from southern
orientation by ± 25º result in less than 5% decrease of the system performance.
The optimal collector's size on the other hand cannot be easily determined. It depends on each
particular case and should be determined after an economic analysis taking into account initial
costs, energy prices and incentives. For central and southern Europe though, it is a common
practice that the collector surface does not exceed 20-25% of the conditioned space of a build-
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ing [24]. In general, evacuated tube collectors require less aperture area than flat plate collectors
and in specific cases half of the area is required if evacuated tubes are used.
Large solar collector areas require also bigger heat stores, whereas for small collectors, a small
hot water tank is sufficient. Energy savings however do not always increase with the increase of
the heat store volume and this is mainly due to the increased energy losses a bigger tank has. As
a rule of thumb a storage volume of 50-100 lt per square meter of flat plate collector can be selected [8]. The same range for the storage tank volume is also suggested in [23] and [24].
In addition, according to Weiss [8], stratification plays a significant role in the system performance. It ensures on the one hand the operation of a collector at the lowest possible temperatures (thus increasing collector efficiency) and achieves on the other hand high temperature levels at the top of the storage tank, restricting the operation of the auxiliary heating system. In
order for the latter to happen, the thermostat controlling the auxiliary heating system should also
be set to the lowest possible value. In this way, solar collector is allowed to operate with lower
temperatures (increasing its efficiency) and the operation of the auxiliary heating system is limited.
Apart from the solar collector and the storage tank mentioned above, the hydraulic design of a
solar combisystem plays a significant role for the system performance. According to Streicher
[25], the requirements of the hydraulic system layout are the following:
•

Transfer of solar heat from collectors to storage and consumers with the lowest possible
energy loss.

•

Production and supply of auxiliary heat to consumers with the lowest possible energy
loss.

•

Distribution of all the required heat in order to cover DHW and space heating loads.

•

Ensuring minimum running time of the auxiliary heater by reserving enough storage volume.

•

Minimum space demand.

•

Low initial cost.

•

Low maintenance cost.

•

Easy installation.

•

Reliability and durability.

4.2 Solar cooling systems
Solar cooling systems are even more complex than solar heating systems as they require additional components in order to utilize solar thermal energy and provide cooling or airconditioning. Solar cooling is a relative new technology and is characterized by the lack of

45

scientific knowledge and integrated solutions which often lead to incorrect designs and unsuccessful solar applications. For this reason and in order to promote and disseminate these systems, several projects have been carried out during the last decades. Projects like SOLAIR
(2007-2009), SAHC (2007-2010), SOLCO (2007-2009) and Task 25 “Solar Assisted Air Conditioning of Buildings” (1999-2004) and Task 38 “Solar Air-Conditioning and Refrigeration”
(2006-2010) of IEA solar heating and cooling program have all contributed significantly to the
improvement of the solar cooling systems and the dissemination of the technology and constitute a useful source of information for this thesis.
According to the results of one of these projects (SAHC project) [26], 3 m2 of solar collectors
per kW of cooling capacity is suggested as a typical value for the dimensioning of the solar
component of a solar cooling system. This however, is a rule of thumb in order to have a first
estimation and no officially standardized rule exist.
Regarding the auxiliary system, a natural gas or oil boiler are suggested. However, solar systems should have a high solar fraction (for air-conditioning systems at least 60-70%) in order to
keep the energy consumption of the auxiliary heater in low levels (low efficiency of thermal
chillers). Otherwise an auxiliary conventional chiller is more suitable.
The above mentioned typical value for the solar collector surface is also observed in most of the
solar cooling systems installed in Europe. As it is presented by Henning (2007) [18], who studied 70 solar air-conditioning systems installed in Europe until 2006, a value in the range of 3
m2 collector surface per kW of cooling capacity is typically found in installations with closed
cycle chillers. This value is reduced to the half though (1.5 m2/kW), when desiccant systems are
used. For solar air-conditioning systems, absorption chillers are most commonly applied, using
water-LiBr as a sorption pair. Typical driving temperatures for these chillers range between 80100oC and they are characterized by a COP of about 0.7. The selection of a double effect chiller
is also possible, achieving a COP of 1.1-1.2. However these machines require higher driving
temperatures 140-160oC and are only available in large capacities (>100 kW) thus making them
unsuitable for residential applications.
Examples of solar cooling installations are also presented in the deliverables of SOLCO, SOLAIR and CLIMASOL projects. Some indicative installations are the solar cooling system at
the technological institute of the Canary islands and the L' Amor Rouge Bakery in Nicosia, Cyprus both constructed in 2006, the Ott & Spiess office building in Langenau, Germany (1997),
the university hospital in Freiburg (1999) and the head offices of Inditex in Arteixo, Spain
(2003) which can be found at the - solar cooling overview and recommendations - deliverable
of the SOLCO project [27] and at the - solar air conditioning - deliverable of the CLIMASOL
project [28].
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In addition, within the framework of the SOLAIR project, a more detailed work was done with
the compilation and presentation of the best practice examples of solar cooling applications in
Europe. The term best practice examples refers to well designed and successful running small
and medium sized solar air-conditioning systems, advanced technical solutions and inspiring
case studies. In the database of the project, there are numerous installations presented, both older ones, with long term experience and data, and more recently installed systems for which data
was not available when the project was in progress.
As it is presented in the - Survey of Available Technical Solutions and Successful Running Systems - deliverable of the SOLAIR project [29], the vast majority of solar air-conditioning applications are installed on commercial offices, whereas for residential use there are only 3 applications, in Austria, Italy and Spain with cooling capacity of 4.5-10 kW. Regarding the cooling
technology, absorption represents again the dominant technology as it is found in 67% of the
installations. Adsorption chillers play a minor role, mainly due to the unavailability of small
size adsorption chillers at the time of the project. With respect to the solar collector type, most
of the installations are using flat plate collectors (17 of 28).
Specific collector area is found to be between approximately 2 and 4 m² per kW of cooling capacity, similar to the previous mentioned suggested value. Moreover, a hot water storage tank
exists in almost all of the examined systems with the storage volume per m² collector area differing in a wide range. Differences in availability of solar radiation, collector type, driving temperature and control strategies are the reason for this range.
Finally, specific system investment costs usually range between 2,500 and 11,500 €/kW cooling capacity for thermally driven chillers and between 9 and 35 €/m3/h of nominal air flow rate
for desiccant systems. These costs however, do not represent real costs as most of the applications are demonstration systems (much effort and money spent to system planning and monitoring) and the majority of them support also space heating.

4.3 Solar combi+ systems
Improvements in the efficiency of thermally driven chillers and desiccant systems and the development of standardized solar cooling systems play a significant role in order to reach economic feasibility. This however is difficult to happen if the solar component is used only during
cooling period in order to cover the cooling loads. In addition, the bigger problem of a solar
combisystem is that the solar gains during summer cannot be fully utilized as the collector surface is too large for the DHW preparation only. The combination of these two technologies in a
single integrated system (solar combi+ system) providing space heating during heating period,
cooling or air-conditioning during cooling period and DHW all year round is a prerequisite in
order for the installation to be economically feasible.
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Initial system cost and lack of experience and information of planners and installers, constitute
the main barriers for the little dissemination of such systems. In this direction, the SOLAR
COMBI+ project (2007-2010) aimed at identifying and promoting standardized solar combi+
systems for small applications (up to 20 kW cooling capacity). For this reason, extensive virtual
case studies (based on market analysis) and numerous simulations were carried out in order to
define promising system configurations. The design parameters that were examined include the
application of the system (residential or office building), the location of the installations, the
type and surface of collector, the volume of the storage tank, the type of the chiller, the heat rejection system and the type of the distribution system.
According to the final publishable report of the project [5], the analysis concluded that best configurations had the largest collectors (5 m2/kW of cooling capacity) and hot water storage volumes (75 lt/m2 of collector) of those simulated. Generally, large collector surfaces perform better, with well dimensioned systems having a collector area of approximately 4 to 5 m2/kW and
hot storage volume of 50-75 lt/m2 collector area. High total solar fractions and optimum primary
energy savings can be obtained if this rule of thumb is adopted. These values are slightly greater
than the corresponding values commonly found in solar cooling only applications, as mentioned
before. This is due to the fact that collectors now have also to cover DHW and heating demand
during winter when solar radiation is reduced significantly. As it is also mentioned, larger collector surfaces (up to 7 m2/kW) cοuld provide even better results, but the strongly increased initial system cost (10-15%) would have a devastating impact on the economic feasibility of the
system.
The above mentioned values of 4-5 m2/kW for the solar collector surface are close to the ones
obtained from existing installations during market analysis, at least when considering flat plate
collectors. As it is stated in deliverable D2.1 of the same project [30], the installed solar thermal
systems consisted of collector surfaces of 3.5-4.5 m2/kW when flat plate collectors were used
and 3.0-3.5 m2/kW when vacuum tube collectors were used. Deviations from the optimum collector surface are often due to restrictions regarding the available installation space, limiting the
installed collector surface. According to the same deliverable, installed systems utilize mainly
absorption and adsorption technologies with cooling capacities in the range of 4.5 to 10 kW.
The study also concluded that the performance of a solar combi+ system is greatly affected by
the collector type and the heat rejection system [5]. Vacuum tube collectors give higher primary
energy savings (15-30%) compared to flat plate collectors. This is due to higher efficiency
evacuated tubes present, when high operating temperatures are needed for solar cooling application. Τhe investment cost however, is also increasing substantially with this type of collectors.
On the other hand, the analysis did not present a clear answer regarding the best technology for
the heat rejection system. It highlighted though, that electricity consumed by this component
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can increase significantly the system energy consumption, dropping out any energy savings
achieved if this component is not properly used.
Regarding the location, it is mentioned that this parameter does not make much of a difference
when regarding space heating and DHW supply. Low water temperatures used for the radiant
floors and the fan coils examined in the study, allow for high solar fractions regardless of the
location. For the cooling mode, southern regions are apparently more suitable for solar cooling
applications due to availability of high solar radiation whereas for northern regions passive
cooling can be sufficient to cover cooling demands. The best results were obtained for the
Naples installations giving total solar fractions between 67% and 87% and primary energy savings between 30% and 70% for the low consumption residential building. The cooling solar
fraction obtained was even higher, in the range of 70-95% for the same location.
While in Naples all type of collectors can achieve high temperatures and all chillers can reach
their operation temperatures giving high cooling solar fractions, when moving northern in
colder and with less radiation climates, the cooling solar fraction declines, unless more efficient
collectors (e.g. evacuated tube collectors) and chillers with lower required temperature levels
(e.g. adsorption chillers) are used. With lower radiation and colder climate, only chillers requiring lower temperatures in combination with evacuated tube collectors can achieve operation
conditions for large periods of time.
For the same reason, chilled ceilings are preferable over fan coils when cooling is considered.
During summer, fan coils operate at significantly lower temperatures, resulting in lower chiller
performance and demanding higher driving temperatures. In order for this to be achieved, solar
collectors are in turn required to operate at higher temperatures, something that reduces their
efficiency.
In the same direction with the SOLAR COMBI+ project, the HIGHCOMBI project was carried
out from 2007 to 2011 with the cooperative work of 12 partners from 6 E.U. countries. The aim
of this project was to combine solar combisystems and solar cooling systems with innovative
seasonal heat storage tanks in order to develop high solar fraction systems (solar fraction close
to 100%).
For this to be achieved, the solar collector area and the thermal storage should be dimensioned
large enough, to cover the biggest part of the heating and DHW demand. The surplus solar
thermal energy during summer can be used to drive a chiller in order to cover the cooling loads.
For the analysis and the evaluation of the different high combisystem configurations, dynamic
simulation was used. In addition, six demonstration plants were constructed in four EU countries (Greece, Austria, Italy and Spain) using different technologies, system components and
control strategies. The operation of the plants was monitored and the data obtained was used in
order to validate the simulations.
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For example, the Greek demonstration plant was installed at the roof of the Center of Renewable Energy Sources and Savings (CRES) in Athens. The plant is in operation since December
2011 and uses 149.5 m2 of selective flat plate collectors, a 35 kW absorption LiBr chiller and a
58 m3 hot water storage tank. According to the simulations, a solar fraction of 85% was expected for this plant [31].
Similar demonstration plants were installed at the Idroscalo hydro park in Milan (in operation
since July 2011), at the Cibeles building in the center of Barcelona (2012) and at three office
buildings in Austria, namely that of the Feistritzwerke Gleisdorf (June 2010), of the town hall
Gleisdorf (October 2008) and of the solid office building (2008). Some of the plants present
very large hot water storage tanks (>100 lt per m2 collector) and in some cases exceed 380 lt/m2
(Greek plant) which is in contrast with the optimum storage volume of 50-75 lt/m2 presented in
the SOLAR COMBI+ project. This is due to the main purpose of the project which is the
achievement of high total solar fractions.
The results revealed that all plants achieve high solar fractions and good perspectives regarding
their financial feasibility with the solar fraction exceeding 70% for some of the plants [31].
Finally, of particular interest is the study of Mammoli et al. [32]. In this study, the university of
New Mexico’s mechanical engineering building was used, in order to study the energetic, economic and environmental performance of a solar assisted HVAC system installed on it. The solar assisted HVAC system was realized in 2006-2009 and consists of a hybrid system of 140 m2
flat plate and 128 m2 evacuated tube collectors. The heat from the collectors is transferred
through an exchanger to a hot water storage tank of approximately 36 m2 useful volume. The
hot water is then supplied directly to the fan coils of the building during heating period or to a
70 kW LiBr absorption chiller during cooling period. The cold water produced by the absorber
can then be supplied to the cooling coils of the building or stored to seven 50 m3 chilled water
storage tanks. Cooling towers are used for the waste heat rejection and chilled water and steam
from the university is supplied to the system when auxiliary source is needed.
The results from the measurements of the system performance showed that evacuated tube collectors perform well under all conditions whereas flat plate collectors' efficiency is reduced
when low radiation conditions prevail. This observation coincides with the remark from the
SOLAR COMBI+ project that in colder and with less radiation climates a more efficient collector is suggested.
Regarding the energy savings, the study showed that the glycol pump and the cooling tower
pump and fan increase the electricity consumption of the system significantly, thus offsetting a
big part of the savings achieved by the solar system. This can even lead to a negative energy
balance of the system, meaning that the parasitic energy consumed by these components may be
higher than the energy gained by the solar system (in terms of electricity consumed or dis50

placed) if their operation is not optimized. Consequently, much attention should be given in the
proper plumbing design and the optimization of the auxiliary components' operation.
The study also resulted that in the summer, the cooling solar fraction is about 18%, a percentage
which could be increased to 36% if some problems regarding the air handling units tuning and
the insulation of the storage tank are addressed. In winter, the system supplies 27% of the heating demand if the worst case scenario is taken into account. By improving the outside air management though, this fraction could even reach 100%. On the other hand, during shoulder seasons (spring and autumn) all the heating load of the building can be covered by the solar system
and a significant part of the cooling.
Finally, the financial analysis of the system resulted that in New Mexico, where the cost of
energy is one of the lowest in the U.S., a system like the one examined cannot be economically
viable. For the best case scenario, a solar thermal system in New Mexico would save about 15 €
per day, while the initial investment cost would be between 227,000 € to 303,000 € (depending
on whether a cold water storage is used or not). With the assumption of 5% for the interest rate
and a lifetime of 30 years (if properly maintained) an average daily energy cost saving of 41 €
to 54 € would be required in order for the installation of the system to be justified. In addition, a
cost of electricity above 0.15 €/kWh, which is usual in several states and in many European
countries, would also make a system like this economically feasible.
All the previous prices were converted from dollars to euro and rounded with an exchange rate
of 1.322 $/€.
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5 Methodological approach
In order to assess the potential of a solar combi+ system to cover heating, DHW and cooling
loads, a number of energy simulations were carried out. The software that was used for this purpose is the Polysun V. 6.1 simulation software.
In a first stage, all the hydraulic system configurations available in the software's library (also
commonly found in practice) were examined in order to find the one that suits best for the location and the buildings under study. Simulations using various sets of values for the parameters
collector surface and storage tank volume were run for this purpose. The results were then evaluated in order to find the most promising hydraulic configuration. The criteria for this selection
are firstly to provide minimum conventional energy consumption and maximum solar utilization
and secondly to be as simple as possible.
Once the hydraulic configuration was selected, new series of simulations were performed. Since
the aim of this dissertation is to find the potential of these kind of systems and to assess their
economic viability, different pairs of solar collector surfaces - hot water storage tank volumes
were simulated each time. Five solar collector surfaces were selected for this reason corresponding to 10, 14, 18, 22 and 26 collectors. The collectors are connected in series and give an aperture area in the range of 18 m2 (10 collectors) to 46.8 m2 (26 collectors) coinciding with data
retrieved from the literature. For every collector surface, three hot water storage tanks were examined, corresponding to approximately 50, 62.5 and 75 lt/m2 of collector area (based on the
literature). Since it is impossible to find storage tanks with volumes corresponding exactly to
these values, rounded values for the tank volumes were selected for each case.
For every combination of solar collector surface - hot water storage tank volume the system had
to be configured in order to achieve the maximum performance. For this reason the heating controller of the system (Figure 29) was adjusted consecutively to eleven different positions (the
cut-in room temperature for the start of the heating system was set to Tset+0, Tset+0.1...Tset+1,
where Tset is the room set point temperature) and each time a new simulation was performed.
Moreover, since in some occasions the system was unable to cover the heating demands or did
not performed well, the system was simulated each time with two different sizes of heating/cooling elements (fan coil units). This led to a total number of 22 simulations which had to
be performed for every of the 15 pairs of solar collector surfaces - hot water storage tank volumes. Once the operation of each system was optimized, the results of the simulations were
obtained in order to be processed.
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The results include the total solar fraction of the system (Sfn), the energy consumption of the
auxiliary heater (oil) and the electrical energy consumption of the pumps and fans of the system.
In order to have a fair comparison of the systems, the auxiliary and the electrical energy were
converted into primary energies that were then added together in order to find the total primary
energy consumption of each system. This was done by using the primary energy factor for oil
and electricity for Switzerland. The primary energy consumptions were then subtracted from the
respective consumption of the reference system and thus the primary energy savings of each
solar combi+ system were obtained.
The final results, presented in chapter 6, include both the total solar fractions and the primary
energy savings. These values were evaluated in order to find the influence of the collector surface and the storage tank volume to the system performance and the potential of the solar system to cover the demands.
In addition, in order to assess the economic feasibility of this kind of systems, a feasibility analysis was conducted. Energy savings (oil and electricity separately) achieved by the solar combi+
system were converted into earnings (€) and tools like Net Present Value and payback period
were used for the financial evaluation.
Finally, a parametric analysis was conducted, examining the influence of some financial parameters like the fuel prices and the initial cost of the combi+ system on the results.
The climatic and topographic data of the study region, the buildings that are used for the simulation of the systems, the hydraulic configurations and the different simulation scenarios examined during this study are described in the following subchapters.

5.1 Climatic and topographic data
For the needs of this dissertation, climatic data for town Rapperswil were used. Rapperswil (47°
13.6′ N, 8° 49′ E) is a small town located on the northern shore of Lake Zurich in Switzerland,
39 km from the Swiss capital. The town is built on a lowland area with an average elevation of
417 m.
Rapperswil climate is considered warm and temperate, at least for Swiss conditions, with significant precipitation occurring during the year. Even for the driest month, the precipitation does
not fall under 60 mm while the total precipitation of a year is 1100 mm. Its climate is classified
as Cfb according to Köppen and Geiger classification [33], [34] meaning that it is a maritime
temperate (oceanic) climate featuring cool, but not too cold winters and warm, but not hot
summers and a relatively small annual temperature range. This climate is fairly representative
for large part of Europe, since according to the Köppen map many European countries (France,
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Belgium, Nederland, United Kingdom, Ireland, part of Germany and part of Spain) present the
same climatic characteristics and belong to the same category (Cfb).
The average temperature of July for the town of Rapperswil is 18.6 °C, making it the warmest
month of the year, whereas the coldest month is January, with an average ambient temperature
of 0.3 °C. The annual distribution of average monthly ambient temperature for the town of Rapperswil is presented in Figure 25.

Figure 25. Average minimum, maximum and mean ambient temperature during the year for
Rapperswil [33].
Except from the ambient temperature which mostly affects the heating and cooling loads as well
as the efficiency of the solar collectors, the success of a solar system depends mainly on the
availability of solar light. In this direction, the increased precipitation during the year and the
relative high latitude (47o) constitute drawbacks for the town of Rapperswil. The monthly solar
irradiation according to the Photovoltaic Geographical Information System (PVGIS) is presented in Figure 26. The average daily solar irradiation on horizontal plane for the town of Rapperswil amounts to 3160 kWh/m2.
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Figure 26. Monthly solar irradiation on horizontal plane [35].
All the climatic data needed for the simulation of the solar combi+ system in Rapperswil are
obtained from the climatic data catalogs of the Polysun software.

5.2 Buildings and loads
In order for the simulation of the solar combi+ system to take place, all the heating, cooling and
DHW loads should be known. The correlation between the energy gains through the solar system and the building loads on a continuous basis allow for the simulation software to calculate
the contribution of the solar system to the energy demand of the building and the need of the
auxiliary energy supplier (conventional heater) to operate, which as a result increase the conventional energy consumption of the solar system. If however, the distribution of the building
loads throughout the year is not known, the Polysun software can determine them based on editable dimensions and through a variety of building types listed in the software's building catalog
[36].

5.2.1

Buildings description

Based on this rationale, two single-family detached houses were defined in order to provide the
loads that the solar combi+ system will have to cover. The buildings form rectangles of 15x10
m2, with their large facades facing North and South, resulting to a total air-conditioned area of
150 m2. The floor height is considered to be 3 m. The two buildings have exactly the same geometry, but completely different building physics data. The characteristics of each building are
presented below.
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Common building
This building is based on the German building standard 2002 house type and its construction
and insulation level can be considered similar to many of the buildings found in Switzerland.
The overall heat loss coefficient (Uvalue) of such buildings is 0.3 W/K/m2 and the specific annual heating and cooling energy demands are both around 70 kWh/m2. In addition, for the needs
of the simulation, the Window-to-Wall area is considered to be 30, 7, 13 and 10 for south, north,
east and west facade respectively. The infiltration of air through the building elements lead to
0.8 air changes per hour and the solar energy transmittance coefficient of windows (g-Value) is
considered to be 0.7.

Minergie building
Since one of the parameters that affect the performance of a solar combi+ system is the heating/cooling loads that it needs to cover, a second building with different energy demands was
defined as well.
This building is constructed in accordance with the Swiss Minergie energy standard, which similarly to the Passivhaus in Germany, results in an ultra-low energy building requiring little
energy for heating and cooling. The Minergie standard is one of the most widely applied building standards with almost 20,000 buildings around the world [37]. Especially in Switzerland,
the Swiss national program requests 20% of the new buildings and 5-10% of the refurbished
buildings to be Minergie certified.
The overall heat loss coefficient is 0.13, much lower than the previous building. The building is
also designed to have a much lower annual energy demand of 15 kWh/m2 for heating and 15
kWh/m2 for cooling. The Window-to-Wall areas for every facade however, are similar to those
of the normal building (30, 7, 15 and 10 for south, north, east and west facade respectively).
Another peculiarity of this building is the heat recovery ventilation system, a system which employs a counter flow heat exchanger between the air inlet and outlet and recovers 50% of the
energy that otherwise would be lost to the environment. The air infiltration is also limited to 0.3
air changes per hour, following the main idea of this kind of buildings which is the energy savings and the solar energy transmittance coefficient of windows is reduced to 0.6.

5.2.2

Assumptions made

Except from the above mentioned differences between the buildings, there are also some common parameters that do not depend on the construction, but they also have an influence in the
heating and cooling demand. These are the internal gains derived from the lights, the people and
the equipment as well as the heating and cooling set point temperature.
Regarding the lights, the heat gain that they provide to the building, is considered to be 1 W per
m2 of air-conditioned area. In addition, the occupants also interact with the internal environ57

ment, dissipating through their activities 1.2 W/m2 of heat, whereas the electrical equipment
used in the building provides 200 W of heat gain on a daily basis. It should be noted in this
point that although they are referred as heat gains, they constitute gains for the building, only
during heating period. On the contrary, during the cooling period they correspond to energy that
should be removed from the building by the cooling system. Both buildings are considered to be
inhabited throughout the whole year, meaning that all internal gains are present on a continuous
basis and the heating/cooling system is always available for operation if needed.
Finally, the temperature set point plays a significant role for the determination of the heating
and cooling loads. During heating period, it is set to 20-19oC (day and night respectively) whereas during cooling period it is set little higher to 23-24oC (day and night respectively). If these
temperatures are fulfilled, good thermal comfort is achieved for the occupants.

5.2.3

DWH load

The domestic hot water consumption can vary significantly between different households. According to [38] values of 15 to 20 liters per person per day are suggested for the DHW consumption. Based on these values, the demand for DHW was fixed at 200 liters per day (assuming a four member family lives in the house) at a temperature of 50οC.
The daily profile of the hot water consumption was designed in such a way in order for the distribution to present daily peaks. The water consumption during the day is presented in Figure
27.

Figure 27. Distribution of the DHW consumption during the day.
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Finally, in order for the simulation software to determine the energy demand for the DHW
preparation, the temperature of the cold water supplied from the mains should also be determined. For this purpose, the inlet cold water temperature is calculated automatically by the Polysun software, for the location under study.

5.3 System description
Two different HVAC systems were designed for the purpose of this dissertation and simulated
by the Polysun software. The first is a conventional system which uses solely conventional
energy in order to provide DHW, heating and air-conditioning to the building. For this reason, it
serves as a reference system and as a measure of comparison for the quantification of the energy
savings. The second system is the solar combi+ system, which is studied for the needs of the
present thesis. The simulation results of this system are compared with the reference system
results, in order to evaluate its performance and potential. In the following two subchapters the
hydraulic configuration of the two systems is presented and described. A brief description of the
main components of each system is also given.

5.3.1

Reference - Conventional system

Although buildings that use gas-fired boilers or heat pumps are continuously increasing in Switzerland, the vast majority of residential buildings still use oil as heating fuel. In addition, of the
heat distribution systems, the underfloor heating is the most commonly found in the Swiss residencies [39].
In order to have an HVAC system as close as possible to the Swiss reality, the conventional system presented in Figure 28 was designed.

Figure 28. Reference-conventional HVAC system as presented in Polysun software.
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The system utilizes a 10 kW oil-fired boiler, in order to produce the necessary heat for space
heating and DHW preparation. The boiler has 85% efficiency, which is a typical value for a
moderate oil-fired boiler. The heat transfer fluid, heated by the boiler, flows to both the underfloor piping network and the heating coil integrated inside the potable water storage tank.
The underfloor heating combines two functions, the heat delivery to the building and the space
heating storage. The pipe length and diameter are dimensioned according to the heating loads
and differ for the two studied building. The inlet and outlet water temperature is predefined at
40 and 35oC respectively, much lower than other heat emission systems (e.g. radiators).
For the DHW needs, a 200 lt storage tank is integrated into the system. The water is heated primarily by an immersed horizontal coil, through which the hot water coming from the boiler is
flowing. In this way, the two fluids do not come in contact, fulfilling the hygiene standards.
When the heating system is not in operation, a secondary electrical heater integrated into the
storage tank is employed to heat the tank water.
In order to bring the heating water to the desired temperature of 40oC and the DHW to the desired temperature of 50oC, three-way valves are used, mixing hot and cold water. These valves,
as well as the pumps and the two heat providers (oil boiler, electrical heater) are regulated by
specialized controllers.
Finally, for the cooling period and in order to maintain the thermal comfort conditions, a conventional air-conditioning split unit is considered (it is not shown in figure 28). The unit has a
COP of 3.4 and uses electricity in order to produce its cooling effect.

5.3.2

Solar combi+ system

As it was mentioned previously, all the available in the Polysun software hydraulic system configurations were examined in order to find the most promising one, for the study location. The
system that was eventually selected is presented in figure 29.
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Figure 29. Solar combi+ system as presented in Polysun software.
As far as the heating subsystem is concerned, this system is to a large extent similar to systems
8 and 9 of the Task 26 “Solar Combisystems” of the EIA heating and cooling program [10]. According to the market analysis conducted during the program, these kind of combisystems are
mainly found in Switzerland.
The system uses a single hot water storage tank, to which all the heat sinks and sources are connected in parallel, drawing or supplying heat to the tank. The different loops and components of
the system are described below.

Solar loop
For the provision of the solar hot water to the system, premium quality flat plate collectors were
selected. Flat plate collectors are the dominant solar collector technology found in Switzerland
and was preferred against evacuated tube technology which is most found in the Scandinavian
countries. In the specific system 10 to 26 premium quality flat plate solar collectors are connected in series forming a collector array. The collectors are connected through well insulated
pipes (20 mm loose glass fibres and mineral wool), to a heat exchanger (horizontal coil), immersed in the storage tank. A pump is responsible for the circulation of the fluid (water and glycol mix) through the solar loop when the collector outlet water temperature is 4oC higher than
the tank's water temperature. The latter operation is regulated by the solar loop pump controller
which uses temperature sensors, located at the solar collector (outlet) and the tank, near the solar
heat exchanger (coil).

Auxiliary heating loop
In order to ensure that the solar combi+ system is able to cover the DHW, heating and cooling
needs on a continuous basis, an auxiliary oil-fired boiler is employed. For comparison purposes,
the boiler that is used is the same with the one in the conventional reference system with an ef61

ficiency of 85% and a nominal power of 10 kW. The boiler is directly connected to the storage
tank, through an inlet and outlet, providing and removing water into and from it. The operation
of the boiler is regulated by the auxiliary heating controller. This specialized controller is responsible to switch on the auxiliary heater, at tank temperatures below 80oC and switch it off
when the temperature reaches 100oC. For this purpose, a temperature sensor is installed at the
upper layer (layer 11 as shown in figure 29) of the storage tank.

Storage tank
Although the volume and the dimensions of the hot water storage tank may differ during the
various simulations (900-3500 lt), the basic characteristics remain the same. The walls are made
out of 2.5 mm steel and a layer of 80 mm rigid foam is used as an insulator in order to limit the
heat losses. The tank incorporates the solar heating coil as well as the DHW coil and internal
tank and has six inflow/outflow openings for the different components to be connected to it.

DHW loop
The peculiarity of this particular solar combi+ system lies in the way the DHW is prepared. For
this purpose, a small DHW tank (250 lt) is integrated inside the space heating storage tank. In
addition, a heat exchanger (horizontal coil) is connected in series with the build-in DHW tank
serving a dual purpose, to preheat the cold water and enhance the tank stratification. In order for
the DHW to be available always at 50oC, a three-way valve is employed, mixing the hot water
with cold water from the mains. The opening of the valve is regulated by the mixing valve controller.

Heating loop
Hot water from the middle of the tank (layer 8 as shown in figure 29) is transferred through well
insulated pipes (20 mm loose glass fibers and mineral wool) to the fan coils. A pump is employed for this purpose, which is regulated by a heating controller. The later is responsible to
switch on and off the pump, depending on the actual building temperature, the heating set point
and a cut-in hysteresis. The cut-in hysteresis is related with the inertia of the heating system and
the time it needs to respond when the building temperature falls below or exceeds the set point
temperature. Different adjustments of the cut-in hysteresis give different results for the energy
consumption of the system and thus a wide range of values for the cut-in hysteresis (Tcutin=0.1, 0.2, ...1) had to be examined for every system configuration in order to find the optimal
setting.
Regarding the fan coils, four-pipe system fan coils are selected. Because the initial simulations
sometimes resulted in uncovered heating loads, two different sizes of fan coils were finally examined, a smaller one with 2.500 W and 1.500 W nominal heating and cooling capacity respectively and a larger one with 3.000 W and 1.800 W heating and cooling capacity respectively.
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The final selection of the size of the fan coils was based on the results for the energy consumption of the system.

Cooling loop
In order to cover the cooling loads, a single-effect absorption chiller is integrated into the system. Because of the climatic conditions prevailing in the region of Rapperswil, a chiller with
less than 10 kW nominal power is sufficient to cover all the cooling loads during the summer.
The selection of the chiller capacity though, is limited by the minimum available capacities of
the chillers in the Polysun software database. The selected chiller is designed to provide 15 kW
of cooling power with a COP of 0.71. To achieve this, 1.800 l/h of hot water should enter the
chiller at an inlet temperature of 90oC. Because these ideal conditions are difficult to be found
and in addition usually much less than 15 kW of cooling are required, a pump is used to adjust
the hot water flow rate depending on the specific needs. The pump is regulated by a controller
which is also responsible for the operation of the chiller. It is important to be noted in this point,
that in contrast with the hot water for the heating loop, the hot water for the chiller is withdrawn
from a higher tank layer (layer 12 as shown in figure 29). This is because the chiller needs higher driving temperatures in order to operate.
Similar pumps and controllers exist also both in the chilled water and cold water loop. The first
controls the chilled water flow rate from the evaporator of the chiller to the fan coils and the
latter the flow rate of the cooling water to the heat rejection system.
The final component of the solar combi+ installation is the heat rejection system. This equipment is necessary, in order for the condensation and the absorption process to take place in the
chiller (in the condenser and absorber respectively). For this purpose, a dry recooler (closed system) with 35 kW nominal heat rejection capacity was selected for the specific system. Because
a dry recooler works essentially like a large fan coil, the recooler is represented in figure 29 by a
fan coil unit.

5.4 Simulation scenarios
In order to find the potential of the solar combi+ system and the influence of the collector size
and storage volume to the system performance, three series of simulations were conducted. In
each set of simulations a major modification takes place, regarding either the system loads or
the system configuration which leads to completely different results. The different sets of simulations represent different simulation scenarios and their characteristics are presented below.
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5.4.1

Simulation scenario 1 - Common building, default system adjustment

In this basic simulation scenario, the building that was used in order to determine the heating,
cooling and DHW loads that the solar combi+ system has to cover, is the “common building”
which is based on the German building standard 2002 house type. As it was mentioned previously, this building is representative of many residencies found in Rapperswil and in Switzerland in general and this specific scenario may constitute a solution for the reduction of their
energy consumption.
Regarding the solar combi+ system, the system hydraulics and the adjustment of all the system
components and controllers are exactly as described in chapter 5.3.

5.4.2

Simulation scenario 2 - Common building, system adjustment based on heating operation

In the previous mentioned scenario, the default settings (suggested for the selected hydraulic
system configuration) were applied for the operation of the auxiliary heater. As it was mentioned in the system description chapter, the conventional oil boiler starts its operation when the
tank water temperature of the upper layer (layer 11 as shown in figure 29) falls below 80oC and
is switched off when the temperature reaches 100oC. A more detailed analysis of the storage
tank operation and the different temperatures achieved in the various water layers in the tank
makes it evident that the operation of the system is focusing on the upper layers of the tank preventing them from getting out of the needed temperature range. This has as a result the optimum
operation of the thermally driven chiller and the better coverage of the DHW loads since both
the chiller and the DHW tank utilize the upper tank layers. On the contrary, the water temperature in layer 8, from where the heating system withdraws energy, is not directly regulated,
which often leads to unjustified high water temperatures, unnecessary operation of the auxiliary
heater and increased conventional energy consumption of the system.
In order to overcome these problems, and because of the climatic conditions prevailing in Switzerland (which lead to high heating loads and significantly lower cooling loads), the auxiliary
heater was adjusted during this second simulation scenario in order to focus on the heating operation.
The temperature sensor is now placed at the height of layer 8 (instead of layer 11) inside the
storage tank and the auxiliary heating controller was readjusted in order for the oil boiler to start
when the water temperature falls below 40oC and cut off when it exceeds 50oC.
In this way, the temperature of layer 8 is properly controlled, the heating system has always
available energy in order to provide sufficient heating and the boiler's operation is limited to
only when it is necessary. In addition, because of the relative low temperature need of the DHW
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(50oC) the DHW tank has always the necessary thermal energy available in order to cover the
demand. On the contrary, the layer 12 water temperature is often lower than the designed driving temperature of the absorption chiller during the summer, which results in less cooling production and therefore slightly increase in the building temperature. This deterioration of the
thermal comfort conditions however, may be a reasonable sacrifice, if high energy savings can
occur.
The building used for this simulation scenario is again the “common building” based on the
German building standard 2002 house type.

5.4.3

Simulation scenario 3 - Minergie building, system adjustment
based on heating operation

In the final simulation scenario, the building that is used in order to determine the heating, cooling and DHW loads, is the highly insulated and minimum energy consumption Minergie building. This scenario represents the case where a solar combi+ system is installed on a new building constructed by the Minergie standard in order to decrease even more its conventional energy
consumption.
For this specific simulation scenario, the second system adjustment focusing on heating operation (like scenario 2) was applied. Because the main goal of a Minergie building is to reduce the
energy consumption, a simulation scenario with a Minergie building and the default system adjustment (like scenario 1) was not considered worth studying.
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6 Results
In this chapter the results extracted from the simulation of the different scenarios are presented
and analyzed. From the large amount of data derived from the simulations with the Polysun
software, two performance figures are of utmost importance and are examined in the present
study. These are the Primary energy savings and the Solar fraction which are analyzed separately in the next two subchapters.

6.1 Primary energy savings
In order to evaluate the performance of the solar combi+ system with respect to different solar
collector surfaces and storage tank volumes and find the best configuration, the energy consumption of the different systems are of major importance. More specifically, the annual conventional energy consumption of the auxiliary boiler (in the form of oil) and the fans and pumps
(in the form of electricity) of the solar combi+ system constitute a good evaluation figure when
compared to the respective energy consumption of the reference conventional system. To make
this comparison possible and overcome the barrier of the different forms of energies considered,
the primary energy consumption of each system was calculated. For this purpose, a Primary
energy factor of 1.29 for oil [40] and 1.33 for electricity (based on Primary energy factor of
0.611 for renewable electricity and 2.29 for conventional electricity [40] and the relative proportion of electricity production from renewable sources [41]) was used. The resulted primary
energy consumption of each solar combi+ system was then subtracted from the primary energy
consumption of the reference system in order for the annual primary energy savings to occur.
Finally, in order to have a more comparable evaluation figure between the different scenarios
considered, the relative Primary energy savings figure was calculated:

PESrel =

PE ref -PE combi+
PE ref

(4)

The primary energy consumptions and the relative primary energy savings of the different combi+ systems examined are presented below, for the three simulation scenarios separately.

Simulation scenario 1
When the common building is outfitted with the conventional HVAC system, the simulation
resulted that 27,453 kWh of primary energy are consumed in order to cover the heating, cooling
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and DHW demands. The consumption is reduced when a solar combi+ is employed for the same
purpose. The primary energy consumptions of the solar combi+ system with respect to different
storage tank volumes and solar collector surfaces are presented in table 1.
Table 1. Primary energy consumption [kWh] of the solar combi+ system with respect to different solar collector surfaces and storage tank volumes - Scenario 1.
Collector Surface [m2]

Primary Energy [kWh]
Storage volume
Small (50 lt/m2)
Medium (62.5 lt/m2)
Large (75 lt/m2)

18m2
20,973
20,250
20,128

25.2m2
18,389
18,761
18,133

32.4m2
16,509
16,026
-

39.6m2
15,336
-

46.8m2
10,996*
-

As it can be seen, the bottom right end of the table contains no values. For these combinations
of collector surfaces - storage volumes the solar combi+ system was unable to cover the heating
demand of the building and as a result the thermal comfort conditions could not be maintained.
As the storage tank volume increases, more solar heat can be stored in order to be used during
periods without sunshine. However, as it gets larger, the heat losses through the tank walls are
also increased. In addition, when the storage volume exceeds a limit (2,000 lt), the tank water
volume becomes excessively large and it is impossible to be heated in time by the solar collectors and the auxiliary boiler. The combined effect of the large water volume and the inappropriate control of the auxiliary heater (controller place emphasis on the upper water layers and
boiler remains switched off unless layer 11 temperature falls below 80oC, regardless of the layer
8 temperature), makes the system response time too long. As a result, the desired water temperature is impossible to be reached in time when needed and the building temperature drops
below thermal comfort limits. Especially in the case of the largest solar collector, even the smallest storage tank of 2,300 lt (corresponding to approximately 50 lt/m2) is proved to be too large
for the system. In this case, a smaller tank of 2,000 lt was selected for the simulations and the
corresponding primary energy consumption value is indicated in table 1 with an asterisk (*).
As far as the smaller solar collectors are concerned, the simulations revealed that the differences
in the primary energy consumptions, when choosing between different storage tank volumes are
in all cases small (below 5%). The effect of the storage tank size to the system performance is
limited and thus plays no significant role when primary energy savings are concerned.
On the other hand, when the solar collector size is examined, the results are completely different. As the solar collector surface increases, more solar irradiance can be utilized by the system,
resulting in less energy needed to be covered by the auxiliary heater. This reduces the operation
time of the boiler and consequently increases the primary energy savings of the solar combi+
system. The latter is presented in figure 30.
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Figure 30. Relative primary energy savings achieved by the solar combi+ system, with respect
to different solar collector surfaces - Scenario 1.
In this figure, for each solar collector surface, the storage tank volume offering the best primary
energy savings was selected. The results show an average increase of 16.2% in the primary
energy savings when a by 7.2 m2 larger solar collector surface is used. The effect of the increase
of the solar collector in the primary energy savings is higher, when relative small collectors are
considered.

Simulation scenario 2
The inability of the solar combi+ system to cover the heating demand when large storage tanks
are used, is addressed by the different adjustment of the auxiliary heating control. The placement of the temperature sensor at a lower water layer in the tank, near the heating outlet, provides to the system a more direct response. The oil boiler starts immediately when the water
temperature in layer 8 (Figure 29) falls below 40oC (regardless of the water temperature in the
upper layers), thus offering a more direct control of the heating water temperature which is now
provided at sufficient temperature whenever required. In addition, the low temperature adjustment of the controller restricts the operation of the boiler to only when needed, minimizing the
energy consumption. The latter is evident in table 2, where the primary energy consumption of
the solar combi+ system is presented, with regard to different solar collector surfaces and storage tank volumes.
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Table 2. Primary energy consumption [kWh] of the solar combi+ system with respect to different solar collector surfaces and storage tank volumes - Scenario 2.
Collector Surface [m2]

Primary energy [kWh]
Storage volume
Small (50 lt/m2)
Medium (62.5 lt/m2)
Large (75 lt/m2)

18m2
15,987
16,688
16,617

25.2m2
14,748
14,191
14,120

32.4m2
13,185
13,170
12,818

39.6m2
10,373
11,137
11,325

46.8m2
10,840
10,698
9,906

As one can observe in the table, the primary energy consumed, is in all cases lower compared
with the previous simulation scenario. Moreover, the solar combi+ system was able to cover the
heating loads, even when the largest examined storage tank with 3,500 lt capacity was used
(46.8 m2 collector - large tank).
The results also showed that the selection between a small (50 lt/m2) or large (75 lt/m2) storage
tank does not play any significant role, when a relative small collector surface is used (18 m2,
25.2 m2, 32.4 m2). The difference on the primary energy consumption in these cases is always
less than 5%. Οn the contrary, when larger collector surfaces are used, the dimensioning of the
system hot water storage becomes significant, as differences in the primary energy consumption
of about 10% are observed. The handling of large amounts of thermal energy, coming from the
large collector surfaces, makes the thermal storage an important component of the system.
However, even in these cases, there is no standard rule for the appropriate storage tank size and
it should be determined based on energy simulations.
The results are similar with simulation scenario 1 though, when the effect of the collector surface is examined. The primary energy consumption is reduced, as more solar collectors are added into the system. This is again a result of the additional solar irradiance utilized by the extra
collectors, which offsets the need for the auxiliary heater to operate.
The need for less primary energy when a larger collector is used, is reflected in the primary
energy savings diagram in figure 31.
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Figure 31. Relative primary energy savings achieved by the solar combi+ system, with respect
to different solar collector surfaces - Scenario 2.
On average, 11.4% increase in the primary energy savings is achieved, when selecting a by 7.2
m2 larger collector surface. The effect of the collector size appears to be weakening, when the
collector area reaches the maximum examined size.

Simulation scenario 3
The final simulation scenario involves the highly energy efficient Minergie building. As it is
expected, the primary energy consumption of this building is remarkably low, even when a conventional HVAC system is employed. The simulation resulted that 13,188 kWh of primary
energy are consumed in this case, which is less than half compared with the 27,453 kWh primary energy consumption of a common building.
The installation of the solar combi+ system can reduce even more the energy consumption of
the building. This is presented in table 3.
Table 3. Primary energy consumption [kWh] of the solar combi+ system with respect to different solar collector surfaces and storage tank volumes - Scenario 3.
Collector Surface [m2]

Primary energy [kWh]
Storage volume
Small (50 lt/m2)
Medium (62.5 lt/m2)
Large (75 lt/m2)

18m2
3,894
3,092
3,717

25.2m2
3,250
3,013
2,477

32.4m2
2,601
2,176
2,189

39.6m2
1,883
1,756
1,682

46.8m2
1,749
1,551
1,278
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The solar combi+ system now needs minimum conventional energy for its operation, as a result
of the minimum heating and cooling loads of the building and the contribution of the solar component.
Regarding the storage volume, in all cases a medium or large volume tank is preferred. The low
energy demand of the Minergie building leads to low thermal energy requirement of the solar
combi+ system. The latter has as a result, that much of the offered by the solar collectors thermal energy is remained unused and cannot be stored efficiently (to be precise it is lost through
heat losses from the storage tank and solar collectors), if a small storage tank is selected. The
correct dimensioning of the storage tank is thus of major importance, especially since differences of over 20% in primary energy consumption may occur for different storage tank sizes.
On the other hand, the effect of the increase in the solar collector surface is again similar to the
previous two simulation scenarios. The operation time of the auxiliary boiler is reduced, as a
result of the higher solar irradiation harvesting, which in turn limits the primary energy consumption and increases the primary energy savings with respect to the reference system. The
latter is presented in figure 32.
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Figure 32. Relative primary energy savings achieved by the solar combi+ system, with respect
to different solar collector surfaces - Scenario 3.
The primary energy savings are in this scenario significantly higher, ranging between 76.6%
and 90.3%. In addition, the average increase in the primary energy savings, when a 7.2 m2 larger collector surface is used, is now 4.2%. This value is reduced compared with the previous simulation scenarios, as a result of the already high primary energy savings.
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6.2 Solar fraction
Another evaluation figure that is commonly used to assess the performance of a solar heating
system is the solar fraction. In general, the solar fraction is the percentage of the required energy
which is covered by the exploitation of solar energy. Following the above definition, three different solar fractions can be determined, for DHW, for heating and for cooling. However, in the
context of this thesis, only the total solar fraction is presented, since the specification of the separate solar fractions has no particular meaning. This accounts for the amount of energy provided
by the solar collectors divided by the total thermal energy needed for DHW preparation, heating
and cooling (driving heat needed in the chiller).
In order for the Polysun software to calculate the total solar fraction, the following formula is
used:

SFn=

Qsol
Qsol +Qaux

(5)

where:
Qsol= Solar energy provided by the solar collectors to the solar combi+ system
Qaux= Auxiliary energy provided by the auxiliary oil boiler to the combi+ system

Since there is no need for a reference system for its calculation and for the conversion of the
final energies to primary energies, it can be determined easily even for a simple solar system
used for DHW preparation only. For this reason, it is established as the most widely used comparability index for solar heating systems.
The total solar fractions of the different combi+ systems examined, are presented below, for the
three simulation scenarios separately.

Simulation scenario 1
Since the primary energy consumption is connected with the inability of the solar system to
cover the demand, a low primary energy consuming configuration is in general expected to
present high total solar fraction. This is evident in table 4 where the total solar fraction of the
different variants (different collector surface - storage volume) of the solar combi+ system is
presented for simulation scenario 1.
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Table 4. Total Solar fraction of the solar combi+ system with respect to different solar collector
surfaces and storage tank volumes - Scenario 1.
Collector Surface [m2]

Total Solar fraction
Storage volume
Small (50 lt/m2)
Medium (62.5 lt/m2)
Large (75 lt/m2)

18m2
34.9%
37.1%
38.0%

25.2m2
43.9%
44.1%
45.3%

32.4m2
50.6%
52.2%
-

39.6m2
54.3%
-

46.8m2
57.6%
-

As it can be seen, the best performing storage volumes for every solar collector surface remain
unchanged (compared with the results for primary energy consumption) when the total solar
fraction is examined. An exception occurs when the small and medium storage tank are simulated for the 25.2 m2 collector surface. The small storage tank solar combi+ system present lower total solar fraction, although its primary energy consumption is also lower. This may be the
result of better utilization of the heat provided by the solar component and the lower heat losses
of the small storage tank.
Regarding the effect of the collector surface on the total solar fraction, the results show an average increase of the total solar fraction of 11.1%, when 7.2 m2 additional collector surface is
added to the system. The increase though is not linear as it is displayed in figure 33. In the specific simulation scenario the solar combi+ system achieves a maximum total solar fraction of
57.6% when a 46.8 m2 collector surface is used.

Total Solar fraction

SFn
70%
60%
50%

52.2%

40%

54.3%

57.6%

45.3%
38.0%

30%
20%
10%
15

25

35
45
Collector surface [m2]

55

Figure 33. Total solar fraction of the solar combi+ system, with respect to different solar collector surfaces - Scenario 1.
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Simulation scenario 2
The different control strategy of the auxiliary heater adopted in the second simulation scenario
has as a result, in general lower water temperatures in the storage tank. This, on the one hand
reduces the storage loses and on the other hand increases the solar collectors' efficiency, as water with lower temperature is entering the collectors, leading to higher utilization of the solar
irradiance. This higher utilization of the solar energy is reflected on the total solar fraction results presented in table 5.
Table 5. Total Solar fraction of the solar combi+ system with respect to different solar collector
surfaces and storage tank volumes - Scenario 2.
Collector Surface [m2]

Total Solar fraction
Storage volume
Small (50 lt/m2)
Medium (62.5 lt/m2)
Large (75 lt/m2)

18m2
46.5%
44.0%
44.5%

25.2m2
52.0%
54.0%
54.8%

32.4m2
58.4%
59.6%
60.8%

39.6m2
67.7%
66.1%
65.8%

46.8m2
67.6%
67.9%
71.1%

The total solar fraction appears increased in all cases, compared with the previous simulation
scenario. However, no standard rule is observed to be followed regarding the effect of the storage tank volume to the total solar fraction, since the solar collector is found to be combined
better with either a large or a small storage tank, depending on the collector surface. The difference on the total solar fraction for the various storage volumes though, is not so significant
(<6%).
On the other hand, when the solar collector size is examined, a strong correlation between the
collector size and the total solar fraction is observed (Figure 34). The addition of an extra 7.2 m2
of collector surface to the system, results in an average 11.2% increase in the total solar fraction.
This effect appears to attenuate, as the collector surface increases. The maximum achievable
total solar fraction of the solar combi+ system in now 71.1%, as a result of the new auxiliary
control strategy.
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Figure 34. Total solar fraction of the solar combi+ system, with respect to different solar collector surfaces - Scenario 2.

Simulation scenario 3
The results are even more promising when the last simulation scenario is examined. The solar
combi+ system is now able to cover most of the energy needs for heating, cooling and DHW of
the building, even when the smallest pair of solar collector surface- storage tank volume is used
(table 6).
Table 6. Total Solar fraction of the solar combi+ system with respect to different solar collector
surfaces and storage tank volumes - Scenario 3.
Collector Surface [m2]

Total Solar fraction
Storage volume
Small (50 lt/m2)
Medium (62.5 lt/m2)
Large (75 lt/m2)

18m2
72.9%
78.7%
74.7%

25.2m2
79.0%
81.0%
84.6%

32.4m2
84.2%
87.1%
87.4%

39.6m2
89.2%
90.2%
91.0%

46.8m2
90.4%
91.8%
93.4%

For almost all the examined solar collector surfaces, a large storage tank (75 lt/m2) gives higher
total solar fractions. The reason is the minimum energy requirements of the Minergie building,
which adds significantly to the need for storing the excess thermal energy provided by the solar
collectors, in order to be used later when required.
Compared to the results for the primary energy consumption, the results for the total solar fraction are similar when the effect of the storage volume is examined. An exception occurs for the
32.4 m2 collector, for which the medium storage tank gives slightly lower total solar fraction
(than the large tank), although the highest primary energy savings are achieved. This may be
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again (like in the first simulation scenario), the result of better utilization of the heat provided by
the solar component and the lower heat losses of the medium storage tank.
Finally, the increase in the solar collector surface has again a positive impact on the total solar
fraction of the solar combi+ system (Figure 35). The total solar fraction increases on average by
4.4% when 7.2 m2 of collectors are added to the system. The effect however is again not linear,
as it appears to be stronger when the collector surface is still small and it attenuates when the
collector surface increases.
With this specific simulation scenario, the remarkable solar fraction of 93.4% can be achieved,
if the largest solar collector surface (46.8 m2) and the largest storage tank (3,500 lt) are used.
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Figure 35. Total solar fraction of the solar combi+ system, with respect to different solar collector surfaces - Scenario 3.
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7 Feasibility analysis
The energy savings potential of the solar combi+ system was presented in the previous chapter.
As the simulations revealed, both the total solar fraction and the primary energy savings increase, as the size of the solar collector surface gets bigger. Theoretically, the system would perform even better, in terms of the two evaluation figures studied, and could even reach 100% (no
auxiliary energy requirement) if even larger solar collector surfaces and storage tanks were examined. This however would result in substantial increase in the investment cost, something that
would make the system price prohibitive for any potential investor.
In order to assess the economic feasibility of the solar combi+ system and to find the combination of solar collector surface - storage tank that would not only provide substantial energy savings but also optimize the system economics, a feasibility analysis is conducted.

7.1 Financial data used
Since the system components used in the simulations derive from the Polysun software database, the matching of these components with real components, existing in the market is in some
cases very difficult. In addition, because some of the simulated components like the storage tank
have specific characteristics (internal DHW tank with preheating coil), finding the market price
of each system component separately is extremely difficult. Even if the market prices are found
though, other parameters like the profit margin of the retailer as well as the transportation and
installation costs are difficult to be determined. For the above mentioned reasons, the system
cost was estimated, based on prices of similar components and cost analyses of previous studies
on solar combisystems and combi+ systems [8], [32], [42], [43]. The assumptions used for the
calculation of the initial cost of the systems are presented in table 7.
Table 7. Assumptions for cost calculations
Description
Solar collector system
Hot water storage tank
Cooling system
Hydraulics and automations
Heat distribution system
Planning and installation
Maintenance

Units

Value

€/m

2

300

€/m

3

1,500

€
€
€
€
€/year

21,000
2,500
1,200
5,000
400
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The cost of the reference conventional system was estimated to be 10,000 €, including the system components of the heating system (underfloor heating), the air-conditioning system (split
units) and the planning and installation costs. An average maintenance cost of 150 € for the oil
boiler, the underfloor piping network and the air-conditioning system was also considered.
Moreover, in order for the feasibility analysis to be conducted, there were also some other parameters needed to be determined:
•

The heating oil price in Switzerland was considered at 0.0876 €/lt as the mean annual
oil price for 2012 [44].

•

The price of electricity in Switzerland depends on the region and the consumer category. In the analysis, a price of 0.17 €/kWh was used, as the average projected electricity
price for private consumers (VSE estimation for 2014) [45].

•

The annual increase in the price of oil was set at 3%, based on the projections of IEA
for the conventional fuel prices for the next years [46].

•

The annual increase in the electricity prices in Switzerland was assumed to follow the
inflation rate.

•

The discount rate used in the analysis was 5%, similarly to the discount rate used by
Mammoli et al. [32] at their study.

•

The inflation rate was considered at 1.52%, as the average value of the inflation rates in
Switzerland for the last 25 years [47].

•

The expected lifetime of both the solar combi+ system and the reference conventional
system was set to 25 years (Estimations about the lifetime of a solar combi+ installations range between 20 [43] and 30 [32] years).

7.2 Results of the feasibility analysis
In order to assess the economic feasibility of the solar combi+ system, two evaluation tools are
used, namely the simple payback period and the Net Present Value. Both indexes find application in capital budgeting and are widely used by many companies around the world as decision
making criteria.
In general, the simple payback period refers to the period of time required to amortize the initial
investment, through the internal cash flow generation of the project. More specifically, in our
case, the simple payback period calculates the time needed in order for the savings occurred by
the solar combi+ system to “repay” the initial investment cost of the system.
The main advantage of this tool is the fact that it is easy to calculate and easy to understand for
most people, regardless of their education and academic background. However, simple payback
period does not take into account the time value of money which constitutes a main drawback.
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On the contrary, the time value of money is taken into account by the second evaluation tool,
the Net Present Value (NPV). All the projected cash flows (in our case the projected savings
achieved by the solar combi+ system) are discounted back to the present by the discount rate
and are summed up in order to find the present value of the investment. In order for the solar
combi+ system to be economical feasible, this value shall exceed the initial investment cost.
NPV is more difficult to calculate and to use than the simple payback period, since it is difficult
to determine the correct discount rate. In addition, knowledge of the basic financial concepts is
required, in order for one to understand its meaning and correctly use it as a decision making
criterion.
It should be noted in this point that in all simulation scenarios the installation of the solar combi+ system was examined as an alternative investment plan (instead of installing a conventional
system) and not as a prospect of replacing an old conventional system. For this reason, as initial
investment cost was considered the difference between the cost of the solar combi+ and the
conventional reference system. This could be for example, the case of a new building under
construction where the owner has to choose between a conventional and an alternative green
option for the HVAC system.
The results derived from the feasibility analysis are presented below for the different simulation
scenarios.

Simulation scenario1
As it was mentioned in the relative chapter, for this simulation scenario the system was designed in order to provide complete coverage of all the heating, cooling and DHW needs of the
building. This design, although it provides optimized internal thermal comfort conditions
throughout the whole year, has a negative impact on the system economics. This is shown in
figures 36 and 37, where the payback period and the NPV of the solar combi+ system are presented, with respect to different collector surfaces. In these figures, for each solar collector surface the storage tank volume offering the best payback period and NPV respectively was selected.
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Figure 36. Payback period of the solar combi+ system, with respect to different solar collector
surfaces - Scenario 1.
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Figure 37. NPV of the solar combi+ system, with respect to different solar collector surfaces Scenario 1.
As it is evident, the payback period is reduced when the collector surface increases, as a result
of the increasing energy savings. The resulting payback period however, does not seem economical for any of the solar collector surfaces examined, as it resulted to periods above 29
years, considering that the expected lifetime of such a system does not exceed the 25 years.
In addition, the solar combi+ system presents in all cases negative NPV, by far less than the
threshold of zero that could characterize the system as marginally economically viable. The
time value of money which the NPV takes into account, makes the future savings less valuable
thus, degrading the positive effect of the solar combi+ energy savings.
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Simulation scenario2
Things slightly improve when the second simulation scenario is taken into account. The design
of the system in order to have minimum conventional energy consumption, sacrificing little of
the thermal comfort during summer, provides also better results when the economics of the system are examined. This becomes evident from the payback period and NPV of the solar combi+
system which are presented in figures 38 and 39.
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Figure 38. Payback period of the solar combi+ system, with respect to different solar collector
surfaces - Scenario 2.
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Figure 39. NPV of the solar combi+ system, with respect to different solar collector surfaces Scenario 2.
The payback period is now reduced in all examined cases. Especially when large solar collectors are used, the solar combi+ system presents payback periods of less than 25 years, which is
the theoretical lifetime of such a system. This could simply mean that the system pays back the
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initial investment before the end of its life and produces profit for the remaining years. The best
results occur for the system with the 39.6 m2 collector for which the payback period is 22.8
years.
Unlike the resulted payback period though, the NPV is again negative, with the best case resulting in a NPV of -13,955 € (when the smaller solar collector is used). The influence of the discount rate is once more strong, degrading the value of the increased savings of the system and
as a consequence the total value of the system. This has as a result, that the installation of the
solar combi+ system is characterized again as not economically feasible.

Simulation scenario3
The final simulation scenario gave, as it was presented in the chapter 6, the most promising results with regard to the relative primary energy savings. When however the energy savings are
taken into account as absolute values, it is revealed that they are less compared to the second
simulation scenario. The already reduced energy demand of the reference system gives little
room for further energy savings from the solar combi+ system. As a consequence, the value of
the energy savings through the lifetime of the system is not enough to amortize the high initial
investment cost. This is reflected in the payback period and the NPV of the system, presented in
figure 40 and 41 respectively.
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Figure 40. Payback period of the solar combi+ system, with respect to different solar collector
surfaces - Scenario 3.
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Figure 41. NPV of the solar combi+ system, with respect to different solar collector surfaces Scenario 3.
In all cases a payback period of over 29 years is observed. Moreover, the payback period increases when a larger solar collector is used. The additional initial cost that the larger solar collector creates, is higher than the cumulative value of the additional savings it creates.
Finally, the solar combi+ system presents negative NPV for all collector surfaces. The combination of the reduced energy savings and the influence of the discount rate result in a NPV of even
-24,761, when the largest solar collector is selected.
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8 Parametric analysis
The feasibility analysis in the previous chapter revealed that in all examined scenarios the installation of a solar combi+ system does not seem an economically viable investment. The excessive initial cost of the solar combi+ system, in combination with the relative low oil and electricity prices led to high payback periods and negative net present values. In this chapter, these
two parameters are examined, in order to find their influence on the results and the potential of
the examined system to be economically viable.

8.1 System cost reduction
The relative early market development phase of the solar combi+ systems has as a result the
increased initial investment cost. This makes the purchase of these systems very expensive and
the repayment of the initial cost during their expected lifetime impossible.
However, the significant potential that the market of the solar combi+ system presents and the
creation of economies of scale is expected to result in considerable system cost reduction. In
addition, state subsidies or other financial incentives (tax reliefs, payment grants etc.) can also
reduce the investment cost to reasonable values, something that would make this technology
economically viable and attractive to users.
In order to assess the potential of the examined solar combi+ system to be economically feasible
if the investment cost is reduced, five different cases were examined, representing 10%, 20%,
30%, 40% and 50% system cost reduction. The payback periods and the NPV's of all the variants of the solar combi+ system and for all the simulation scenarios examined were calculated
again, with the new reduced system costs.
As it is evident in figures 42 and 43, for the first simulation scenario a system cost reduction of
50% would be required in order for the solar combi+ system to be economically viable.
The payback period is reduced significantly following the reduction of the system cost and takes
values below 25 years (theoretical lifetime) even with a 20% reduction of the initial cost. The
acceptable payback periods however, are achieved only when the most optimistic scenario (50%
cost reduction) is examined and only for the large solar collector surface systems.
The latter is also proved when the NPV of the system is examined. As it is shown in figure 43,
the net present value of the system is increased with the decrease in the system cost, but it remains negative until the cost drops to the half. In this occasion, positive NPV's are observed
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only for the systems with large solar collector surfaces. These systems seem to be favored more
when a cost reduction is assumed, since the cost reduction in absolute terms is in these occasions higher.
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Figure 42. Payback period of the solar combi+ system, with respect to different solar collector
surfaces for the default case (100% investment cost) and after investment cost reduction - Scenario 1.
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Figure 43. NPV of the solar combi+ system, with respect to different solar collector surfaces for
the default case (100% investment cost) and after investment cost reduction - Scenario 1.
On the contrary, if the system configuration of the second simulation scenario is adopted, a 40%
cost reduction would be sufficient in order for the solar combi+ system to be economically feasible (Figures 44 and 45). The system in this case gives payback periods of less than 15 years and
positive net present values, regardless of the solar collector surface. In the best case scenario, a
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payback period of 9.5 years and a NPV of 7,714 € is presented, when a 39.6 m2 collector surface
is used and the higher cost reduction (50%) is assumed.
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Figure 44. Payback period of the solar combi+ system, with respect to different solar collector
surfaces for the default case (100% investment cost) and after investment cost reduction - Scenario 2.
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Figure 45. NPV of the solar combi+ system, with respect to different solar collector surfaces for
the default case (100% investment cost) and after investment cost reduction - Scenario 2.
Finally, for the low energy demand building (3rd simulation scenario), at least 20% cost reduction is required in order for the solar combi+ system to present payback periods of less than the
25 years (expected lifetime) (Figure 46). The system however, cannot be considered economically viable, unless a 50% cost reduction is achieved. Only then, and for the smaller solar col-
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lector surface systems, the results of the parametric analysis show positive net present values
(Figure 47), and the system can be competitive to the conventional HVAC systems.
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Figure 46. Payback period of the solar combi+ system, with respect to different solar collector
surfaces for the default case (100% investment cost) and after investment cost reduction - Scenario 3.

NPV

€
5000
0

100% Investment cost

-5000

90% Investment cost

-10000

80% Investment cost

-15000

70% Investment cost

-20000

60% Investment cost

-25000

50% Investment cost

-30000
15

25

35

45

Collector surface [m2]

Figure 47. NPV of the solar combi+ system, with respect to different solar collector surfaces for
the default case (100% investment cost) and after investment cost reduction - Scenario 3.
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8.2 Conventional energy price increase
As it is already mentioned, the main advantage of the solar combi+ system is the minimizing of
the operation cost, which mainly consists of the energy (oil and electricity) cost. Since the operating cost of every HVAC system is directly related with the fuel and electricity prices, an increase in these prices would be in favor of the solar combi+ system.
In order to examine the influence of the energy prices on the economic viability of the solar
combi+ and assess the potential of the solar combi+ system to be an attractive option, a combined increase in the oil and electricity prices was assumed. Six different cases were examined,
representing an increase in the range of 10% to 70% on both the oil and electricity prices. The
resulted payback periods and the NPV's of the different variants of the solar combi+ system are
presented below.
As it is shown in figures 48 and 49, a solar combi+ system configured in order to provide maximum thermal comfort (simulation scenario 1) could not be an economical viable solution, even
with a 70% increase in conventional energy prices. The increase in prices has a positive impact
on the system economics, both reducing the payback period and increasing the net present value
of the system. However, even in the best case scenario, the payback period is marginally less
than 20 years and the NPV remains negative at -8,663 €.
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Figure 48. Payback period of the solar combi+ system, with respect to different solar collector
surfaces for the default case (100% Energy prices) and after oil and electricity price increase Scenario 1.
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Figure 49. NPV of the solar combi+ system, with respect to different solar collector surfaces for
the default case (100% Energy prices) and after oil and electricity price increase - Scenario 1.
The solar combi+ system could become economically viable on the other hand, if it is configured in order to provide maximum energy savings (second simulation scenario). For this to
happen though, an oil and electricity price increase of more than 60% would be required, as it is
shown in figures 50 and 51. In this case, the payback period would fall below 15 years and a
positive net present value would occur for the 39.6 m2 collector surface system. In the best case
scenario (70% oil and electricity price increase), the system achieves a 13.8 years payback period and a 2,333 € net present value.
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Figure 50. Payback period of the solar combi+ system, with respect to different solar collector
surfaces for the default case (100% Energy prices) and after oil and electricity price increase Scenario 2.
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Figure 51. NPV of the solar combi+ system, with respect to different solar collector surfaces for
the default case (100% Energy prices) and after oil and electricity price increase - Scenario 2.
Finally, the results are once more disappointing when, in the third simulation scenario, the low
energy building is examined (Figures 52 and 53). The payback period barely falls below 18
when the best case scenario of 70% oil and electricity price increase is assumed. Moreover, the
net present value of the system remains negative in all cases, meaning that the examined solar
combi+ system could not become economically viable for a low energy building, even with a
high energy price increase.
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Figure 52. Payback period of the solar combi+ system, with respect to different solar collector
surfaces for the default case (100% Energy prices) and after oil and electricity price increase Scenario 3.
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Figure 53. NPV of the solar combi+ system, with respect to different solar collector surfaces for
the default case (100% Energy prices) and after oil and electricity price increase - Scenario 3.

8.3 Combined effect of the parameters considered
In order to have a more complete view of the effect of the two parameters on the economic viability of the solar combi+ system, some additional cases were examined. These cases assume a
simultaneous decrease in the system cost and an increase in oil and electricity prices in different
proportions each time. Six cases were examined, trying each time to find the combination of the
two examined parameters that would result for the solar combi+ system to be an economically
viable solution.
For the first simulation scenario, the results show that the installation of a solar combi+ system
can be economically feasible, only if a combination of 40% reduction on investment cost and a
20% increase on the conventional energy prices take place (Figures 54 and 55). In this occasion,
a large solar collector should be selected (>32.4 m2), since the limited energy savings that a
smaller collector system provides, are not sufficient to amortize the initial investment cost during its lifetime.
In the best case scenario, which is when a 46.8 m2 collector is used, a payback period of 14.3
years can be achieved and a NPV of 553 €.
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Figure 54. Payback period of the solar combi+ system, with respect to different solar collector
surfaces for the default case (100% Investment cost - 100% Energy price) and after changes in
both the investment cost and the conventional energy prices - Scenario 1.
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Figure 55. NPV of the solar combi+ system, with respect to different solar collector surfaces for
the default case (100% Investment cost - 100% Energy price) and after changes in both the investment cost and the conventional energy prices - Scenario 1.
The solar combi+ system presents much more optimistic results, if the configuration of the
second simulation scenario is used. The high energy savings the system achieves when a 39.6
m2 solar collector is used, enables it to provide payback periods of less than 15 years and positive NPV's in all the examined (combined) cases (Figures 56 and 57). Even a small reduction of
20% in the system initial cost, combined with a 30% increase in energy prices (a scenario which
is not so unlikely to happen in the next few years) can make the installation of such a system
become an economically viable solution.
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In the more optimistic scenario on the other hand, a 40% initial cost reduction, combined with a
20% energy price increase would result in 10.3 years payback period and an NPV of 8,087 €. In
this case the system would become not only an economically viable solution, but also a highly
attractive investment.

Payback Period

Years
30,0
25,0
20,0
15,0
10,0
15

25

35

45

Collector surface [m2]

100% Investment cost 100% Energy price
90% Investment cost 150% Energy price
80% Investment cost 130% Energy price
70% Investment cost 110% Energy price
70% Investment cost 120% Energy price
60% Investment cost 110% Energy price
60% Investment cost 120% Energy price

Figure 56. Payback period of the solar combi+ system, with respect to different solar collector
surfaces for the default case (100% Investment cost - 100% Energy price) and after changes in
both the investment cost and the conventional energy prices - Scenario 2.
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Figure 57. NPV of the solar combi+ system, with respect to different solar collector surfaces for
the default case (100% Investment cost - 100% Energy price) and after changes in both the investment cost and the conventional energy prices - Scenario 2.
For a low energy building finally, a combination of 40% initial system cost reduction and 10%
conventional energy price increase would be needed, in order for the examined solar combi+
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system to be characterized as marginally economically viable (Figures 58 and 59). A further
10% energy price increase, would provide even better results, as the payback period would be
reduced to 13.8 years and the net present value would amount to 1,540 €.
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Figure 58. Payback period of the solar combi+ system, with respect to different solar collector
surfaces for the default case (100% Investment cost - 100% Energy price) and after changes in
both the investment cost and the conventional energy prices - Scenario 3.
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Figure 59. NPV of the solar combi+ system, with respect to different solar collector surfaces for
the default case (100% Investment cost - 100% Energy price) and after changes in both the investment cost and the conventional energy prices - Scenario 3.
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9 Conclusions
In a period in which issues like the climate change, the depletion of fossil fuels and the future of
energy supply are high in the discussion agenda of all the developed countries in the world, the
shift towards renewable energy sources appears to be a way to address these problems.
Especially in the building sector and despite the progress made in the last two decades, significant amounts of energy are consumed in order to provide the required heating, air-conditioning
and DHW services. Conventional HVAC systems are usually employed for this purpose, using
oil, gas or electricity as energy source. Although the technological evolution of these systems
has been impressive, leading to very high system efficiencies, the idea of a system utilizing the
solar irradiation to provide DHW and space heating services has been developed and to a great
extend it became a mature technology in the last two decades. The so called combisystem uses
solar collectors in order to provide heat to a medium and cover the DHW and space heating
loads. Taking one step further, a thermally driven chiller can additionally be used, utilizing the
surplus thermal energy during cooling period in order to provide also cooling or airconditioning. This leads to the more integrated concept of the solar combi+ systems.
The aim of this dissertation was to assess the potential of a small scale solar combi+ system to
cover the DHW, space heating and cooling loads of a residential single-family house. For this
reason, a series of energy simulations were carried out using the Polysun V. 6.1 simulation
software. As a study region, the town of Rapperswil (Switzerland) was selected, characterized
by a maritime temperate climate, also found in many other European countries. A typical for
this region one-floor dwelling was then assumed, for which the DHW, heating and cooling load
distributions were determined.
The study included a large number of simulations, in which different system adjustments and
different pairs of solar collector surfaces - hot water storage tank volumes were examined for
the solar combi+ system, in an effort to find its potential to cover the demands.
The simulations were subsequently extended to two other simulation scenarios, representing the
case where the system is alternately designed to provide maximum energy savings, sacrificing
little of the thermal comfort during cooling period and the case where the solar combi+ system
is installed on a low energy building (instead of the moderate one initially examined).
The results obtained from the simulations are indicative of the benefits a solar combi+ system
can provide. As it is evident, the solar combi+ system is able to cover a large part of the required DHW, heating and cooling loads of the building by exploiting the solar energy. The total
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solar fraction ranges between 38% and 57.6% for the initial simulation scenario (depending on
the collector surface) and can be increased even more (46.5%-71.1%) if the system is designed
according to the second simulation scenario. The contribution is even greater, when the solar
combi+ system is installed on a low energy building (simulation scenario 3). In this case, the
combi+ system can cover up to the remarkable 93.4% of the building loads, utilizing the solar
radiation.
In all cases, larger collector surfaces provide higher solar fractions, since more solar radiation
can be utilized by the system. The examined storage tank volume range (50-75 lt/m2 collector)
on the other hand, did not reveal a specific correlation between storage volume and solar fraction. However, in most cases a large storage tank (75 lt/m2 collector) provides higher solar fractions than a smaller one.
The results also revealed considerable energy savings, when the conventional HVAC system is
replaced by the solar combi+ system. The primary energy consumption of the dwelling is decreased by 48.1% when the solar combi+ system with the largest solar collector surface (46.8
m2) is examined, a value that can reach 63.9% if a small sacrifice of the thermal comfort during
cooling period can be made (simulation scenario 2). For the low energy building scenario the
results are even better, with the solar combi+ system providing up to 90.7% primary energy savings.
Like the total solar fraction, the primary energy savings increase always, when additional solar
collectors are integrated into the system. This is paid by a higher system cost though and thus
the appropriate collector size should always be determined based on a feasibility analysis. On
the contrary, again there is not a general rule when the storage tank size is examined. Although
a preference for larger storage volumes appears in the first and third simulation scenario, this is
not always the case when the second simulation scenario is considered. Special attention should
thus be paid to the selected storage volume, as it in many cases appears to have a great impact
on the primary energy savings.
In order to assess the economic feasibility of the solar combi+ system, a feasibility analysis was
also conducted. Despite the very promising solar fractions and primary energy savings the solar
combi+ system achieved, the analysis revealed that the economics of the system appear at this
point dubious. This becomes evident from the negative NPV’s the system presents in all cases
and the increased payback periods which in most cases exceed by far the expected lifetime of
the system. Despite the high energy savings (especially in the second simulation scenario), the
excessive initial cost of the solar combi+ system does not allow for the solar combi+ system to
be an economically viable investment. For this to happen, a significant system cost reduction or
increase in the energy prices would be required.
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More specifically, the parametric analysis revealed that a 40% to 50% system cost reduction,
depending on the simulation scenario considered, would be necessary to make the system an
economically attractive option. The significant market potential of the solar combi+ system and
the creation of economies of scale in combination with state subsidies or other similar financial
incentives can contribute to this way.
The effect of a potential energy price increase on the other hand is smaller. A 70% increase in
the conventional energy prices would be required for the system to be viable, a scenario which
is considered very unlikely to occur in the near future. On the contrary, scenarios assuming little
increase in energy prices, in combination with a small state subsidy seem much more realistic
and can make the solar combi+ system an attractive alternative for the conventional HVAC and
DHW systems.
In conclusion, it is evident that under the current circumstances, a solar combi+ system cannot
be installed in Rapperswil in an economically viable manner. Unless a system cost reduction
occurs, the high initial investment cost will not allow for the solar combi+ system to be competitive to the conventional HVAC systems. Taking a closer look at the initial cost, it is evident
that the major part of the cost is due to the cost of the cooling system. However, the relative
cool summers prevailing in the region o Rapperswil leading to low cooling loads, do not justify
this excessive cost. On the contrary, the option of installing a solar combisystem in combination
with a conventional air-conditioning system (inverter split units) for cooling, seems far more
reasonable. The investment cost will be reduced significantly, something that will make the solar system competitive to other available technologies. In addition, there is always the option of
adopting a more environmental friendly attitude, using passive cooling techniques like shading
mechanisms, natural ventilation, ceiling fans etc. that would allow for the complete removal of
the cooling system.
As a final remark, the results of this dissertation revealed a great potential of the solar combi+
system to cover the DHW, heating and cooling loads of a residential building. The current market development phase of the solar combi+ systems though, makes it evident that there is still a
significant need for further research. The study should be extended to other regions too, especially in southern countries where the solar potential is higher.
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